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The Southeast United States during summer and fall is often affected by droughts
and tropical cyclones. Both phenomena rank among the most expensive of natural
hazards, although droughts are not as feared by the public as hurricanes. When a tropical
cyclone causes a pendulum swing from drought to wet conditions, it is known as a
“drought-busting tropical cyclone.” The majority of the research related to droughtbusting tropical cyclones investigates only the storms during their tropical cyclone phase,
which covers the southeastern states that have boundaries adjacent to the Atlantic Ocean.
An unanswered question from this literature is whether or not these findings apply to the
interior southeastern states that have no ocean boundaries, where there is an increase in
the probability of a drought-busting tropical cyclone transitioning to an extra-tropical
cyclone. This thesis research attempts to determine the impact of drought-busting
cyclones on the states of Kentucky and Tennessee. Research findings in this thesis
revealed that droughts occur more frequently in the eastern climate divisions of the study
area, 2-3 tropical cyclones affect the study area each year, and 6% of warm-season
precipitation comes from tropical cyclones or their remnants. Chi-Square analysis and
Kruskal-Wallis tests suggest that the Atlantic Multidecadal Oscillation (AMO) has
statistically significant relationships with drought frequency, tropical cyclone
precipitation, and extra-tropical cyclone precipitation in several climate divisions. While
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the literature argues that drought-busting tropical cyclones are common in coastal
locations, they were found to be rare in Kentucky and Tennessee.

x

Chapter 1. Introduction
Droughts and tropical cyclones are two weather phenomena that often occur in the
Southeast United States during summer and fall. Droughts are a common hazard in the
United States, although they are generally not feared by the public due to the slow
evolution of the event and the lack of immediate devastation. Before the devastation of
Hurricane Katrina, the two most expensive single year weather-related disasters were the
drought of 1988, with an estimated $40 billion dollars in damages, and the drought of
1980, with an estimated $29 billion dollars in damages (cost normalized to 2015 U.S.
dollars (NCEI, 2014). Tropical cyclones, on the other hand, inspire fear in the public and
receive persistent media exposure due to the destructive potential of the storms. One of
many disastrous tropical cyclones was Hurricane Opal, which occurred from Sept. 27th to
Oct. 6th, 1995. Hurricane Opal made landfall in Florida’s Western Panhandle, then moved
northward across Alabama as a tropical storm until it dissipated as an extra-tropical
cyclone over the Ohio Valley. This storm caused 27 deaths and an estimated $5 billion
dollars in damages (NCEI, 2014). One positive outcome of the storm was that much of
Alabama had experienced moderate to severe drought that summer prior to Opal’s
passing. The drenching rain from Opal ended the drought immediately. When a tropical
cyclone causes a pendulum swing from drought to wet it is known as a “drought-busting
tropical cyclone.” Over the past ten years of research, there has been emphasis in
studying the relationship between droughts and tropical cyclones in the southeast United
States. This thesis evaluates how often “drought-busting tropical cyclones” affect
Tennessee and Kentucky. A secondary goal is to determine how often tropical cyclones
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or their remnants affect these states and what the average annual contribution of these
storms is to warm-season precipitation.
The following literature review investigates the previous research that was
conducted on drought-busting tropical cyclones in coastal areas. It discusses: 1) tropical
cyclones, 2) droughts, 3) the atmospheric and oceanic variables that influence both
weather phenomena, and 4) if there is a relationship between all three topics. More
specifically, section one clarifies the characteristics of the life cycle of a tropical cyclone
from its cyclogenesis until its mature phase; where it transitions to an extra-tropical
cyclone. Section two defines droughts by articulating what conditions are considered in
classifying and quantifying a drought. The third section illustrates what atmospheric and
oceanic variables influence the development of tropical cyclones and drought. Finally,
the phenomenon of “drought-busting tropical cyclones” is introduced. This literature
review ends with a discussion of new research problems based on gaps in the literature.
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Chapter 2. Literature Review
2.1. Tropical Cyclone Life Cycle
Tropical cyclones are notorious for the instantaneous death and destruction they
can inflict on a region. Tropical cyclones devastate coastal areas socially, ecologically,
and economically. The U.S. coastline has become more susceptible to the impact of
tropical cyclones due to increased population, beach erosion, and coastline subsidence
(Nogueira and Keim, 2010a). The cyclogenesis of tropical cyclones can best be explained
through Carnot’s engine model, where the provision from heat input is largely in the form
of latent heat vaporization (Emanuel, 1987). The majority of Atlantic tropical cyclones
(approximately 60%) originate from easterly African waves that propagate westward to
the tropical North Atlantic and Caribbean Sea. An easterly African wave is a westwardtraveling disturbance in the Atlantic Ocean due to a reversed lower tropospheric
temperature gradient over west and central Africa that has extremely warm temperatures
in the Sahara desert compared to much cooler temperatures along the coast of Guinea.
The location for cyclogenesis is primarily between 10˚ and 20˚N, which has the best
meteorological ingredients to produce a large convective heat engine that resembles
Carnot’s engine model. This model is a theoretical engine where heat achieves the
maximum amount of work, and is comprised of two isothermal and two adiabatic
processes. The efficiency of Carnot’s engine model is that the reversible heat engine
absorbs heat at a constant temperature, and delivers the same amount of heat back into
the environment at a constant temperature once the work is done.
The source of energy for this model in developing tropical cyclones is the
convective latent heat from the warm Atlantic Ocean. The creation of tropical cyclones is
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quite sensitive to two factors: 1) sea surface temperatures greater than 26.5˚C, and 2)
minimal vertical shear at a magnitude ≤8 m/s. Vertical wind shear is the change in wind
speeds with respect to a difference in heights. The presence of strong vertical wind shear
inhibits the formation and intensification of tropical cyclones. The ideal thermal
environment for the development of tropical cyclones is ≥26.5˚C, where atmospheric
instability increases with the penetration depth of a vortex that is resistant to vertical
shear (Goldenberg et al., 2001). The barotropic environment found in the tropics is very
conducive to producing tropical cyclones. A barotropic environment is a uniform region
of temperature distribution with no presence of a thermal gradient. This means that there
is no difference in temperature spatially across an area. The lack of a thermal gradient
generates an atmosphere with minimal vertical shear, which is a deterrent in developing
tropical cyclones. The life cycle of a tropical cyclone begins as a tropical disturbance,
which is a cluster of thunderstorms 150 - 500 kilometers in diameter. The classification
of a tropical depression occurs when the storm develops maximum sustained wind speeds
greater than 17 m/s (Kam et al., 2013). Storms then progress from tropical depression to
tropical storm to hurricane as described in Table 2.1. The season for tropical cyclones is
annually from June 1 to November 30, which is set by the National Hurricane Center
(NHC, 2015). Cry (1967) and Gleason (2006) indicated that the peak of tropical cyclone
rainfall in the U.S. transpires from August to October.
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Table 2.1. Classification of tropical cyclones with sustained wind speeds.
Tropical Cyclone
Stages

Sustained Wind Speeds
(meters/seconds)

Sustained Wind Speeds
(mph)

Tropical Depression

0 to <17 m/s

0 to < 39 mph

Tropical Storm

17 m/s ≤ to <33 m/s

39 mph ≤ to < 74 mph

Hurricane

33 m/s ≤ or greater

74 mph ≤ or greater

Source: NHC (2015)
The end stage of a tropical cyclone, on the other hand, has a nebulous definition.
Tropical cyclones that travel northward into the mid-latitudes do not necessarily dissipate
immediately but transform into an extra-tropical cyclone through a process termed extratropical transition (Jones et al., 2003). The level of interest from the media and public
often diminishes when the tropical cyclone moves to higher latitudes and gradually loses
its powerful tropical cyclone characteristics. During this stage, the official tropical
cyclone warnings are no longer posted and the perception is that there is no present threat
to life or property. This perception is incorrect, since decaying tropical cyclones have the
potential to evolve into rapidly developing storms that yield intense rainfall, tornadoes,
and hurricane-force winds that can extend well inland, as with the recent “Superstorm
Sandy” from 2012 (Jones et al., 2003). During an extra-tropical transition period, the
tropical cyclone environment is altered from a barotropic to a baroclinic environment as
it moves northward. The changes include increased vertical shear, meridional humidity
gradients, decreased sea surface temperatures and an increased Coriolis parameter
(Schnadt et al., 1980).
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The extra-tropical transition includes a metamorphosis from a tropical cyclone
that has compact wind fields, symmetrical rainfall patterns, and is often slow-moving, to
extra-tropical cyclones that feature asymmetrical rainfall patterns moving at a magnitude
of 10 m/s or greater. The maximum sustained wind speeds at the moment of transition are
reduced, yet the area for gale or storm forced winds is vastly increased (Evans and Hart,
2003). In general, the extra-tropical transitioned cyclone develops a cold structure, which
is expressed through its thermal wind profile. The Atlantic basin has the greatest
probability of an extra-tropical transition cyclone occurring than any other basin (Evans
and Hart, 2003). Descriptive statistical data reveal that 46% of Atlantic tropical cyclones
evolve into extra-tropical transitioned cyclones (Evans and Hart, 2003). The Atlantic
basin has a greater likelihood of extra-tropical transition cyclones due to delayed
warming of the North Atlantic Ocean that forces the transition location further north. In
contrast, the climatologically favored region for a baroclinic environment begins to
extend further south after August, and this environment intersects with the oceanic area
where tropical cyclones develop (Hart and Evans, 2001). The best locations for extratropical transformation develop in the mid-latitude regions of 30°-50°N. The transition is
more prevalent in the lower latitudes (30°-35°N) during the early or late hurricane season
and is more prevalent in higher latitudes (40°-50° N) during the peak hurricane season
(Hart and Evans, 2001). This literature provides the best description of a tropical cyclone
transformation to an extra-tropical transition cyclone. Unfortunately, there is no
universally accepted definition for extra-tropical transition cyclones in the meteorological
community at this time (Jones et al., 2003).
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2.2. Definition of Drought
Defining drought can be quite subjective, as its definition varies by individual
researchers and among various sub-disciplines of geoscience. The novice perspective
would simply state that a drought is a time period without adequate precipitation. Palmer
(1965, 2), who created the most widely used model to quantify a drought, stated:
“However, most farmers do not call a “dry spell” a drought until matters begin to become
rather serious.” The American Meteorological Society (AMS) categorizes drought into
meteorological, agricultural, hydrological, and socioeconomic definitions (Heim, 2002).
Meteorological drought is the atmospheric condition that influences the absence of
precipitation in a region. Agriculture drought is relevant to short-term dryness in root
zones, and inhibits productive crop yields during growing seasons. Hydrological drought
is the result of deficiency in precipitation that affects water supply, reduced stream flow,
lake levels, ground water, and reservoirs. Socioeconomic drought links the supply and
demand of economic goods, as they are affected by meteorological, agricultural, and
hydrological drought. The categories introduced by the AMS give an incomplete
description of a drought but, combined, they are quite sufficient.
The method to qualify drought status has evolved gradually over time. At the
beginning of the twentieth century, the U.S. Weather Bureau classified a drought as a
period of twentyone or more days with a 30% negative deviation in rainfall from the
normal recorded average (Heim, 2002). A widely accepted method for qualifying
droughts by many professionals in different disciplines is the Palmer Drought Severity
Index (PDSI). In 1965, Palmer published his model that derived from the previous work
on evapotranspiration by Thornthwaite (Heim, 2002). Palmer used long-term records of
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temperature and precipitation with a water-balance model to estimate relative dryness at a
given location. The PDSI is standardized to allow for spatial comparisons between
regions, and it accounts for five criteria: precipitation, evapotranspiration, soil moisture
loss, hydrological recharge, and hydrological runoff. The five criteria are utilized to
attain coefficients, which are calculated by dividing the actual mean by the potential
mean (Heim, 2002). By Palmer’s (1965) standards, a mild drought yields an index of 1.00 to -1.99, and a moderate-to-severe drought yields an index value <-2.00.
Although the PDSI model is widely accepted in many fields, the model does
possess several flaws. The model fails to consider yearly changes in vegetation cover,
root development, the delayed time in generation of excess water runoff, the effects of
melted snow, and effects of frozen ground (Alley, 1984). The U.S. Drought Monitor
complements what the PDSI lacks in defining droughts (Svoboda et al., 2002), and is
available online (http:drought.unl.edu/dm). It was created to track and illustrate how
severely a drought impacts the U.S. spatially across the country. The Drought Monitor is
updated weekly and its categorized values are based on six key physical indicators: 1)
The Palmer Severity Drought Index, 2) CPC soil moisture model percentiles, 3) U.S.
Geological Survey daily streamflow percentiles, 4) Percent of normal precipitation, 5)
Standardized Precipitation Index, and 6) remotely sensed satellite vegetation health
index. What makes this method so attractive is that the present variables are not
permanent but designed to be flexible for the incorporation of newer technologies to
enhance drought monitoring (Svoboda et al., 2002). Due to myriad sectors affected by
droughts, geographical diversity, temporal distribution, and the acquisition of water by
humans, the definition of a drought is quite difficult to develop (Heim, 2002).
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Drought is common in the Southeast, but can be marginalized as a hazard for
several plausible reasons. The classification of a drought is more ambiguous than any
other natural disaster and does not lend itself to conventional forecast methods (Svoboda
et al., 2002). Secondly, the devastation that a drought exerts on society is also quite
subjective. Drought is a major natural hazard with serious impacts on society (Riebsame
et al., 1991). The estimated damage from the 1987-1989 droughts in the U.S. caused $20
billion in agriculture and forest production losses that induced an additional $10 billion in
increased food cost across the country (Svoboda et al., 2002). Finally, the impact of a
drought in the Southeast can be mitigated by the onset of a tropical cyclone. Droughts are
quite subtle in the way they emerge or recede. Yet, there are numerous cases similar to
Tropical Storm Allison in 2001, which accelerated the recovery of a severe drought in the
Atlantic region (Svoboda et al., 2002). From Palmer’s (1965) interpretation, a severe
drought is terminated when the PDSI value oscillates back to a near-normal category
value greater than -1.0. If a particular tropical cyclone terminates an existing drought,
then that tropical cyclone is acknowledged as a drought-buster (Maxwell et al., 2013).
For a tropical cyclone to be considered a drought-buster, the rainfall produced
from the onset of that particular cyclone must modify the previous month’s PDSI value
from ≤-2.0 to a new PDSI value of >-0.50 in the following month (Maxwell et al., 2013).
During the late summer months, potential evapotranspiration is higher due to peak
growing seasons for crops before the fall harvest. This condition makes soil susceptible to
severe moisture deficits. If the tropical cyclone precipitation was removed from this
scenario, soil moisture deficits would increase drastically by 65% in many areas of the
Southeastern region (Knight and Davis, 2007). In key agricultural regions of the

9

Southeast, soil moisture deficiency could inflate by 20-30% and many farmers would
have to resort to alternative practices for hydrating crops, such as irrigation. Frequency
and intensity of soil moisture deficits would increase if not for the rainfall from tropical
cyclones (Knight and Davis, 2007). Droughts would have a stronger presence in the
Southeastern region if it were not for the symbiotic relationship with tropical cyclones.
2.3. Teleconnections
Teleconnections are referred to as simultaneous correlations between temporal
fluctuations in meteorological parameters at widely distant locations on Earth (Wallace
and Gutzler, 1981). Teleconnective patterns occur naturally in the chaotic atmospheric
system and reveal the internal dynamics and low-frequency variability of the oceanatmosphere system. These patterns, or so-called phases, are illustrated through large scale
changes in the atmospheric wave and jet stream patterns. An example of a teleconnection
is supported through the correlation of severe winters in a region and the correlation of
sea surface pressures from near the equator to the extreme poles (Wallace and Gutzler,
1981). Teleconnective phases influence temperature, precipitation, storm tracks, and jet
stream location and intensity over an extensive geographic area. The Climate Prediction
Center (CPC, 2015) routinely monitors teleconnection patterns and is involved in
continuing research to improve the awareness of how teleconnections influence the
global climate system. There are several teleconnection that influence North America.
Three prominent teleconnections that affect the southeastern U.S. are the North Atlantic
Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO), and El Niño Southern
Oscillation (ENSO).
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The teleconnection discussed first is the most tracked and studied atmospheric
mechanism, called El Niño Southern Oscillation (ENSO). ENSO is comprised of two
pivotal phases termed El Niño and La Niña. For the past fifteen years, the prediction of
the two phases of ENSO has improved due to better data observation, enhanced analysis
systems, higher computer speeds, increased storage capacity, and an improved
understanding of the development of ENSO (Barnston et al., 1999). El Niño is classified
as the warm phase of ENSO. It is associated with abnormally warm sea surface
temperatures (SSTs) in the tropical central and eastern Pacific Ocean. The magnitude of
an El Niño is determined by anomalies of SSTs relative to the 1981-2010 based period,
located within an area bounded by 5˚S to 5˚N in latitude and 120˚ W to 170˚ W in
longitude, also known as the Niño 3.4 region (CPC, 2015). An El Niño is said to occur
when the three-month moving average of SST anomalies is greater than 0.5˚C for at least
five consecutive months. The opposite extreme is acknowledged as La Niña (cold phase).
The definition of La Niña is that it is symmetric to El Niño. The years or months that do
not satisfy the two extreme conditions are considered a neutral ENSO. The phases of the
ENSO cycle typically develop during the summertime, peak in the late fall, and decline
into the following spring (Bove et al., 1998). The winter season in North America is
impacted heavily by ENSO. These impacts include heavy rains in central California,
milder temperatures in the northern U.S., and enhanced rainfall in the Gulf States
(Barnston et al., 1999). An El Niño produces a strong vertical shear and co-exists with
other Pacific teleconnections to affect weather in North America (Ortegen and Maxwell,
2014). The Pacific Decadal Oscillation (PDO) phases modulate the two extremes of
ENSO. The PDO is characterized as positive by a southward Aleutian low, cold western
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Pacific coastal waters, warm eastern Pacific coastal waters, and warming in the central
and eastern tropical Pacific. The strength of ENSO teleconnections is modulated by the
PDO phase, which affects North America’s climate and seasons (Gershunov and Barnett
1998). When warm (cold) PDO phases coincide with El Niño (La Niña), the strength and
spatial coherence of the El Niño (La Niña) climate signal becomes strong and stable. To
best describe this event, the positive PDO has an Aleutian low that shifts the storm track
further south, while El Niño supplies an eastern Pacific moisture source for the storms to
access. This process can assist in creating wetter winters across North America. The
alternative scenario, when the PDO has an opposite sign to the two ENSO extremes
(either a warm PDO combined with La Niña or a cold PDO combined with El Niño),
produces a weak, spatially incoherent, and unstable climate signal. An example of this
scenario is best described by the Aleutian low region that is sensitive to the ENSO phase.
A negative PDO phase weakens the El Niño signal, which means a negative PDO phase
places the storms further north and away from the warm moisture source provided by El
Niño. This scenario will influence predictions of a drier winter across North America
(Gershunov and Barnett, 1998).
The next teleconnection discussed is the Atlantic Multidecadal Oscillation
(AMO), which has an influence on precipitation in the Southeast even though it is not as
well-known as ENSO. The AMO‘s index is acquired by calculating a ten-year moving
average of detrended Atlantic sea surface temperatures anomalies from the equator to 70˚
N latitude. This process is executed through first obtaining the difference in annual sea
surface temperatures. The next step in this process is to calculate the moving average for
changes in temperature with respect to a time series of ten years, and repeating this step
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by going forward one more year to calculate the moving average for the next ten years.
Once this process is completed, the data appear smoother and illustrate gradual changes
as compared to the original raw data that are complex with many fluctuations. These
detrended data assist the viewer in deciphering if there is a positive or negative trend in
SSTs to predict the AMO’s phase. The AMO’s time cycle covers several decades for one
specific phase, and the entire oscillation can encompass fifty to seventy years. The
fluctuation of AMO phases is believed to be driven by the Atlantic thermohaline
circulation, although there is some uncertainty regarding the AMO mechanism (Enfield et
al., 2001). The Atlantic thermohaline circulation is the movement of Atlantic sea water
from the equator to the extreme poles. This circulation is driven by the density gradient in
sea water that is heavily predicted through sea-water temperatures and the salinity of sea
water. The Atlantic themohaline circulation can be described as a process of warm salty
water from the Gulf Stream moving north to the Arctic Ocean, where the water
intermingles with colder water to become cooler, heavier, and quite dense. This detailed
process induces the water to sink to the bottom of the ocean, where it gradually moves
back to the Equator for warming and initiates the process again at the beginning point
(Ortegren and Maxwell, 2014). Records dating from the 19th century suggest that shifts
in the AMO phase are associated with a variation in summertime climate patterns for
North America and Western Europe. AMO phases have been associated with changes in
regional atmospheric circulation, anomalies in precipitation, and surface temperatures.
This marked change covers the U.S., southern Mexico, and western Europe. The AMO
does not just impact the climate of the Atlantic basin, it also extends throughout the
tropics, which suggests that multidecadal variability influences the climate globally
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(Sutton and Hodson, 2005). Previous research has determined that the AMO phase is also
modulated by other teleconnections, such as the PDO. The combination of the two phases
can predict the frequency of precipitation or lack of precipitation across the United States.
McCabe et al. (2004) documented that 52% of drought variability is predicted by the
AMO and PDO phases. The direct relationship with the AMO phases and rainfall
variability has ramifications for water management policies in the affected U.S. regions.
A prime example was the positive AMO phase between 1930-1964, which yielded a
double net average inflow of water to Lake Okeechobee, Florida, in comparison to the
negative AMO phase between 1965 and 1994. This sequence of events indicates a
complete reversal in water-management practices during multidecadal periods. When the
AMO was in a negative phase, the inflow to Lake Okeechobee was close to being
insufficient for the needs of South Florida, and this predicament encouraged water
conservation (Enfield et al., 2001).
The final teleconnection is the North Atlantic Oscillation (NAO), which is
associated with many weather anomalies such as extreme flooding and severe snow
storms in North America and Europe. The NAO is characterized by an oscillation of
atmospheric mass between the Arctic and the Atlantic subtropical region (Hurrell et al.,
2001). The NAO phase or index is calculated from the normalized difference in sea-level
pressure from the Azores, Portugal, and from Iceland (Ortegren and Maxwell, 2014).
During a positive NAO phase, the wintertime meridional pressure gradient over the North
Atlantic is large due to the Icelandic low pressure center and the high pressure center
over the Azores. When the NAO phase is negative, the pressure centers switch locations.
To be more specific, the high pressure system is now located closer to Iceland while the
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low pressure system is closer to the Azores, which alters the jet stream from a zonal to a
meridional pattern. This scenario produces a change in mean wind speed and direction
over the North Atlantic (Hurrell et al., 2001). The negative phase can often be diagnosed
by a meteorological term called Greenland blocking, where a high pressure system is
stationary for several days over the North Atlantic basin, often positioned over
Greenland. The intensity of the NAO determines the position and orientation of the midlatitude jet stream through variations in horizontal pressure gradients. The NAO is
physically related to modifications in ice formation in the Arctic Ocean and to the latitude
of Gulf Stream separation, which is akin to the Atlantic thermohaline circulation (Elsner
and Kocher, 2000). Therefore, it can be deduced from the previous two statements that
the NAO is well-correlated with the AMO. The NAO determines climate variability from
the eastern seaboard of the U.S. to Siberia latitudinally, and from the Artic to the
subtropical Atlantic longitudinally. In this region, the NAO has direct impacts on
agriculture yields, water management, fish inventories, and several other industries,
which affect our lives tremendously (Hurrell et al., 2001).
2.4. Teleconnective Influence on Droughts and Tropical Cyclones
ENSO has the least influence on droughts and tropical cyclones in the Southeast.
U.S. wintertime climate variability is modulated primarily through the specific phase of
ENSO (Barlow et al., 2001). Since droughts and tropical cyclones occur during the late
spring to fall season, it is clear why ENSO has a marginal impact. The relationship
between ENSO phases and Southeastern drought is weak and entirely confined to the
winter half-year. Unlike in the western U.S, ENSO phases have minimal effect on warmseason drought variability in the Southeast, which is more influenced by Atlantic Ocean
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conditions (Ortegren and Maxwell, 2014). Even though it has been well documented that
ENSO has little effect on the Southeast climate during the warmer months, there is still a
relationship statistically between ENSO phases and the annual number of tropical
cyclones. La Niña conditions favor tropical cyclone activity, while El Niño conditions are
associated with reduced activity (Maxwell et al., 2013). Simplistic statistical research
with no meteorological explanation illustrates that the probability of one or more major
hurricanes striking land in the U.S. was 23% for El Niño, 58% for a neutral phase, and
63% during La Niña (Bove et al., 1998). The meteorological explanation that supports the
empirical data requires knowing the important variables in developing a tropical cyclone.
The lack of vertical shear is a major component in developing a tropical cyclone. ENSO
affects the formation of tropical cyclones through changes in mid-latitude westerlies and
vertical shear over the subtropical North Atlantic (Ortegren and Maxwell, 2014). During
El Niño, the Atlantic basin has an increase in tropospheric vertical shear that creates an
unfavorable environment for tropical cyclone development and maintenance. La Niña
yields an opposite environment with minimal vertical shear that promotes the
development of tropical cyclones in the Southeast (Nogeuira et al., 2012). Although
ENSO does influence tropical cyclone activity, it has been proven to be a less important
predictor of tropical cyclones striking land in the Atlantic basin (Maxwell et al., 2013).
The teleconnection that has an important impact on drought and tropical cyclones
is the AMO, which is related to rainfall, stream flow, soil moisture, and agricultural
productivity in the Southeast. To summarize, droughts are longer and more frequent
during a warm AMO phase. Although the AMO is quite influential in Southeastern
droughts, the teleconnection is modulated by several variables such as ENSO and the
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PDO. When PDO and AMO phases are positive, there is linkage with stream-flow
deficiencies in the Southeast. During this positive phase, an anomalous summer
anticyclone is positioned over the Southeast that inhibits convection and promotes drier
summers (Ortegren and Maxwell, 2014). This anomalous anticyclone is the western flank
of an integral meteorological weather system called the Bermuda High. The coupled
behavior between the AMO and the Bermuda High is the main driver of low-frequency
drought in the Southeast.
The Bermuda High is a high-pressure system located in the proximity of Bermuda
during summers and gets credit for most prolonged heat waves in the southeastern part of
the country. This particular weather system indicates how strong the AMO’s phase is
during summer seasons and additionally how the AMO phase reverses signs. The
Bermuda High index is calculated through the difference in mean sea-level pressure from
Bermuda to New Orleans. When the index has negative values, this means that the
western flank of the Bermuda High is located further westward toward the southeastern
coast. In this scenario with the AMO in a positive phase, there is a high probability of
drought occurring in the Southeast. The opposite of this scenario is positive values and
the weather system positioned further east, which promotes above-average precipitation
for the Southeast (Ortegren et al., 2011). While the AMO impacts droughts, the
teleconnection influence on warm SSTs appears also to be a main component in
developing tropical cyclones (Maxwell et al., 2013). Tropical cyclone rainfall and
landfall frequency in the southeastern U.S. have a positive correlation with the AMO
(Maxwell et al., 2013). Even though the AMO is correlated with tropical cyclone
frequency, the phase is still modulated by other variables. When the AMO is in a positive

17

phase, producing warm SSTs with the potential to generate tropical cyclones, a
coincident El Niño event can promote vertical shear, which reduces tropical cyclone
frequency. The opposite happens when a positive AMO phase coincides with a La Niña.
In additional to ENSO, the Bermuda High also plays a role with the AMO in predicting
the path of tropical cyclones. The vicinity of the Bermuda High also is a contributor in
directing tropical cyclones in the Atlantic basin. If the High is further east in the Atlantic,
the odds are that the cyclones will re-curve and go out to sea. If the High is further west,
there is a high probability that the cyclones will impact the Southeast (Ortegren and
Maxwell, 2014). There is strong support from many researchers that the AMO plays a
major role in drought and tropical cyclones for the Southeast.
The last teleconnection, NAO, has the strongest association with tropical cyclones
and droughts that occur in the Southeast during the same season. The NAO phase is
similar to a domino effect because it can enhance or suppress the AMO’s phase, which
can produce droughts and tropical cyclones (Maxwell et al., 2013). In meteorology, there
is substantial evidence stating that the NAO drives the Atlantic thermohaline circulation,
which controls the AMO phase. During a positive AMO phase, the NAO is relaxed at a
negative phase, which is illustrated with an anomalous ridge of a high pressure system
over the Southeast that produces increased drought frequency (Maxwell et al., 2013).
This identical scenario nourishes the environment for increased tropical cyclone activity
and an increased number of land-striking tropical cyclones in the Southeast. During this
particular phase relationship between the NAO and AMO, the Bermuda High is located
further west, where the tropical cyclone experiences less curvature and increases the
probability of striking the Southeast ( Maxwell et al., 2013). When these events transpire
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from the negative NAO phase, a tropical cyclone that alleviates severe drought conditions
is termed a Tropical Cyclone Drought Buster (TCDB). The classification of a droughtbusting tropical cyclone is when severe drought conditions with a PDSI value of ≤-2.00
change immediately the next month to normal PDSI values of ≥-0.50 due to precipitation
from a tropical cyclone. In addition, in states bordering the Atlantic, tropical cyclones
contribute up to 15% of precipitation during hurricane season, and 20% of droughts in
those states were ended via TDCBs between 1950 and 2008. From a logistical regression
model measuring the relationship of the NAO to TCDBs, the X² value was 10.91
(Maxwell et al., 2013). This value means that the NAO has a strong influence on the
frequency of drought-busting tropical cyclones. When the NAO phase is negative, the
odds are six times greater that a drought-busting cyclone will occur in the Southeast. If
the NAO is in a negative phase during winter, the Southeast will be more likely to
experience a drought that will continue during hurricane season. When the negative NAO
phase lingers in summer months, the percentage of tropical cyclones landing along the
Southeastern coast is increased by 85% (Maxwell et al., 2013). The NAO is identified as
the primary variable in predicting the chances of a drought-busting tropical cyclone
impacting the Southeast (Maxwell et al., 2013). The NAO phase sets a precedent for
developing the proper environment for both severe drought and tropical cyclone events
transpiring in the same season.
2.5. Problem Statement
Previous research on TCDBs focused on tropical cyclones that made landfall on
the immediate coastal states of the southeastern U.S. A TCDB that transitions out of the
tropical cyclone classification still has potential to impact the interior states of the
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Southeast by becoming an extra-tropical cyclone. There is a high conversion rate of
tropical cyclones to extra-tropical cyclones in the North Atlantic basin. Most previous
research analyzed only storms during the tropical cyclone phase, which covers the
southeastern states that have boundaries adjacent to the Atlantic Ocean. An unanswered
question from the literature is whether or not these findings can be applied to those
interior Southeastern states that have no boundaries to the ocean and where there is an
increase in the probability of a TCDB transitioning to an extra-tropical cyclone. The
specific area of interest is the mid-south states of Kentucky and Tennessee and the goal is
to determine if TCDBs have an impact in this region. This research attempts to answer
the following questions regarding the influence of droughts and TDCBs on the states of
Kentucky and Tennessee:
1) What is the frequency of warm-season droughts in Tennessee and Kentucky?
2) What is the frequency of tropical cyclones or their remnants that influence warmseason precipitation in Tennessee and Kentucky?
3) What percentage of warm-season precipitation in Tennessee and Kentucky is
caused by tropical cyclones or their remnants?
4) What is the influence of climate teleconnections on drought and tropical cyclones
in Tennessee and Kentucky?
5) What percentage of tropical cyclones or their remnants alleviates droughts in
Tennessee and Kentucky?
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Chapter 3. Study Area
The study area of Kentucky and Tennessee (Figure 1) was selected because both
Southeastern states are interior with no boundaries adjacent to the coastline. The various
research papers mentioned in the literature review had study areas in southeastern states
that contained coastal boundaries with the Atlantic Ocean or Gulf of Mexico. Kentucky
and Tennessee are positioned in a centralized location of the eastern part of the U.S.
where moisture can still come from the Gulf of Mexico and dry air masses can come
from Canada. Tennessee’s annual temperature ranges from 7˚C to 17˚C across the state.
Tennessee’s annual precipitation ranges from 102 centimeters (cm) to 140 cm, with
extreme wet precipitation measurements up to 203 cm in remote mountain locations. The
highest amount of precipitation occurs in Tennessee during winter and early spring, when
a higher frequency of large-scale storms intersects or comes close to the state’s
boundaries. Occasionally, heavy precipitation transpires during late summer and fall
months due to rare flood-producing rains that are linked to tropical cyclone systems
passing near the area. Despite abundant precipitation through the year, Tennessee is not
impervious to droughts or dry spells that occur on a consistent basis during summer and
fall months (UTIA, 2014).
Kentucky’s mean temperature ranges from 12˚C to 15˚C across the state, while
the precipitation mean ranges from 107 cm to 132 cm. The wide range is due to a strong
precipitation gradient during winter months, but the gradient is less pronounced during
summer months. Flooding events usually develop across Kentucky during winter and
spring months when large moisture-laden frontal systems yield heavy rainfall.
Infrequently, flooding events develop in the late summer and fall months from the
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remnants of tropical cyclones that travel over or near Kentucky’s state boundaries.
Kentucky’s frequency of droughts is once every ten years (KCC, 2014). Droughts appear
to be the strongest during the summer and fall months due to a peak in growing season
evapotranspiration, warmer temperatures, and a greater demand for water. Droughts in
Kentucky are exacerbated via the location of a Bermuda High that inhibits the passage of
frontal systems across the state, inhibits the development of thunderstorms, and
intensifies heat waves (KCC, 2014).
The ranges of precipitation and temperature in the study area are primarily due to
the variation of elevation in both states (Figure 1). The variation in temperature for the
state of Tennessee is attributed to the wide range of elevation from the western section,
which has gently rolling plains with an elevation of 61 to 76 meters (m) above sea level,
to the Great Smoky Mountains in the east with an elevation of 1220 m to 1830 m above
sea level. The decreased rate in temperature change for Tennessee is 1.7˚C per 300 m
increase in elevation. In Tennessee, there is a subtle decrease in precipitation from south
to north that is suppressed by the influence of topography. The northern and eastern
section of the state has rain generated from a simple process called orographic lifting of
air, where moist air is forced to ascend due to elevation, cools, and condenses out as rain.
The northern area of the Great Smoky Mountains is the driest, due to the mountains’
position as a barrier to Gulf of Mexico moisture. The Great Smoky Mountains also have
outlier areas, with locations of extreme wet conditions in the southeastern region where
rainfall can accumulate up to 203 cm in well-exposed peaks in the mountain chain
(UTIA, 2014). The characteristics of Kentucky’s relationship with elevation to
temperature and precipitation are similar to Tennessee. The range in elevation varies
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from near 122 m above sea level in the western section close to the Mississippi River to
the Appalachian Mountain Ridge located in the southeastern section that reaches up to
1220 m in elevation above sea level. This variability in elevation and geographic location
can potentially influence the outcome of the research at hand.

Figure 1. How elevation varies spatially across the study area. Source: Adapted by the
author from NOAA (2015).
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Chapter 4. Data and Methods
4.1. Data Collection
The research methods from the previously reviewed literature on coastal TCDBs
were applied to this study in order to yield similar results in the interior states of
Kentucky and Tennessee. The initial process in data collection was obtaining the Palmer
Drought Severity Index values (PDSI) to measure drought conditions on a monthly basis
from 1950 to 2013. The recorded PDSI values covered the warm-season months from
May to November from 1950-2013 in the eight climate divisions of Kentucky and
Tennessee (ESRL, 2015). The seven months of May-November encompass hurricane
season (June-November) plus the month of May, which has as many tropical cyclones as
November (Maxwell et al., 2013). For this analysis, the PDSI is suitable for observing
meteorological droughts, as it is often utilized in the United States to evaluate the severity
of droughts (Palmer, 1965). Although the PDSI is commonly used to measure droughts,
the measuring index has several inadequacies. The PDSI metric does not take into
consideration the societal impact, which is influenced by human consumption, although it
is an adequate measure to determine just the meteorological scope of droughts (Maxwell
et al., 2013). To determine the length and severity of droughts, the research followed the
defined values of previous studies (Table 4.1.1) such as Maxwell et al. (2013) and
Noguiera and Keim (2010b). The initial sign that a moderate to severe drought has
developed is a PDSI value of ≤-2.00. The end of a drought is determined when the PDSI
value is ≥-0.50. This method was shown to indicate sufficiently the life span for droughts
(Maxwell et al., 2013).
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Table 4.1.1. Palmer Drought Severity Index values for droughts or wet spells.
Palmer Drought Severity Index
Index Values

Description

≤ -4.00

Extreme Drought

-3.99 to -3.00

Severe Drought

-2.99 to -2.00

Moderate Drought

-1.99 to -1.00

Mild Drought

-0.99 to -0.50

Incipient Drought

-0.49 to 0.49

Near Normal

0.50 to 0.99

Incipient Moist Spell

1.00 to 1.99

Moist Spell

2.00 to 2.99

Unusual Moist Spell

3.00 to 3.99

Very Moist Spell

≥ 4.00

Extreme Moist Spell

Source: Palmer (1965)
Immediately after collecting PDSI values, the next step was to retrieve
information about tropical cyclones that passed near the study area of Tennessee and
Kentucky. The process was accomplished through accessing the North Atlantic Hurricane
Database (HURDAT) that is derived from the National Hurricane Center (NHC, 2015).
The HURDAT dataset provides the location of tropical cyclones every six hours,
including meteorological readings of barometric pressure, wind speed, tropical cyclone
classification, and tropical cyclone direction (Maxwell et al., 2013). The HURDAT data
from 1950 to 2013 display the track of tropical cyclones that traveled through the study
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area, as well as the tropical cyclones that traveled near the study before transforming to
an extra-tropical cyclone.
The next process was to determine the amount of precipitation produced from
tropical cyclones in the study area. Cyclone-related precipitation is calculated when
tropical cyclones pass through or near the study area, which fell within a buffer zone of
500 kilometers from the center of the tropical cyclone. The precipitation data were
extracted from weather stations within each climate division each day that a tropical
cyclone or its remnants passed through the buffer zone. The weather station data for
precipitation values were collected from the Midwestern Climate Center (MRCC, 2015).
In addition to the calculation of precipitation, an estimation of a storm day was acquired.
The definition of storm days is the number of days that a tropical cyclone either crossed
or came within 500 km of the study area. One storm day can possess more than one storm
affecting the study area simultaneously (Noguiera and Keim 2010b). Even though this
method is identical to past research, there is an acknowledged limitation, where more
simultaneous recordings from additional weather stations in a climate division potentially
could yield a better representation of tropical cyclone precipitation across the study area.
The final process was the acquisition of teleconnection indices that were
discussed in the literature review. To measure the variations in ENSO, the Oceanic Niño
Index was utilized from NOAA’s Climate Predictions website (CPC, 2015). The monthly
ENSO SST anomalies were obtained from the Niño 3.4 region, predicated on a threshold
of 0.5˚C for a three-month moving average (Nogueria and Keim 2010b). The ENSO
phases are defined as El Niño (La Niña) if the three-month moving average is 0.5˚C (-
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0.5˚C) or higher (lower) for five consecutive months, with all other months considered a
neutral ENSO (Figure 2).

Figure 2. ENSO fluctuations. Source: CPC (2015)
The monthly AMO index values were obtained from NOAA’s Earth System
Research Laboratory (ESRL, 2015). The AMO’s indices are yielded by calculating a tenyear moving average of detrended Atlantic SSTs from the Equator to 70˚ N latitude
during the time period from 1950 to 2013 (Figure 3).
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Figure 3. AMO fluctuations. Source: ESRL (2015)
The final teleconnection is the NAO. Many graphs illustrate the normalized
difference in sea-level pressure from the Azores, Portugal, and Iceland (Ortegren and
Maxwell, 2014). In Figure 4, when the values are in a negative phase, the monthly
pressure gradient is weaker than the mean. Yearly NAO indices from 1950 to 2013 were
obtained from NOAA’s Climate Prediction website (CPC, 2015). When the NAO is in a
positive phase, the pressure gradient is strengthened and wet seasons occur over the area
of interest. The negative phase has an opposite affect over the study area, where the
pressure gradient recedes and promotes dry seasons
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Figure 4. NAO fluctuations. Source: CPC (2015)
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4.2. Methodology
Excel software was used to estimate the number of months that a drought
occurred in Tennessee and Kentucky. In addition, this software yielded the mean for the
following variables in the total study area and for each climate division of the study area:
1) yearly tropical cyclone occurrence, 2) PDSI values, 3) season precipitation, 4) tropical
cyclone precipitation, 5) percentage of tropical cyclone precipitation, 6) extra-tropical
cyclone precipitation, and 7) percentage of extratropical cyclone precipitation.
Once the descriptive statistics were calculated, inferential statistics were
calculated using SPSS version 22. SPSS yielded histograms to illustrate the frequency of
droughts, tropical cyclones, and rainfall contributed by tropical cyclones that occurred in
the area of interest. Correlation analyses were completed to show the relationship
between drought and tropical cyclone precipitation and the teleconnections. Scatterplot
graphs provided a clear display of how the relationships vary between the dependent
variables and the teleconnections. A Pearson Chi-Square analysis was executed to
compare the frequency of binary data for the occurrences of droughts and TCDBs in
relation to the NAO and AMO phases. This method led to a contingency table, which was
utilized to determine the probability that an event is more likely occur in one phase
compared to the opposite phase, from the ensuing statistical analysis known as the Odds
Ratio Test (Maxwell et al., 2013), given by:
𝑂𝑑𝑑𝑠 𝑅𝑎𝑡𝑖𝑜 = 𝑃𝐺1
𝑃𝐺
⁄(1 − 𝑃𝐺 ) / 2⁄(1 − 𝑃𝐺 )
1
2
PG₁= Success of Group One; PG₂= Success of Group Two
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The analysis of continuous data such as warm season precipitation, tropical
cyclone precipitation, and extra-tropical precipitation was completed utilizing other
statistical methods to analyze the influence from the teleconnections. Before this process
was completed, the precipitation data were assessed for normality. For the precipitation
data that satisfied the tests for normal distribution, the Independent Sample T-Test was
used in SPSS to examine differences of means between the two populations (Baldi and
Long, 2001). When the precipitation variables deviated drastically from normally
distributed data, the non-parametric test in SPSS known as the Kruskal-Wallis test was
utilized. The Kruskal-Wallis test is an ANOVA statistical method that tests the equality
of means for two or more groups (Rogerson, 2014).
12

𝑅2

Kruskal-Wallis Test= [𝑁(𝑁+1) ∑𝑘𝑗=1 𝑛𝑗 ] − 3(𝑁 + 1)
𝑗

N= Total number of observations across all group; R= Rank from all observations in a
group j; n= Total number of observations in group j
For spatial visualization of data across Kentucky and Tennessee, ArcGIS 10.2.2
was employed to create maps of the study area displaying climate divisions and weather
stations. Maps that illustrated the track of tropical cyclones that traveled near or through
the study area within a 500-km buffer zone were also created (Nogueira and Keim,
2010b). Additional maps were created showing the percentage of droughts that transpired
and the percentage of tropical cyclones that alleviated droughts in the study area. The line
density tool in ArcGIS was used to show the density of tropical cyclone tracks in the
study area. The fractioned length of each tropical cyclone track that falls in the specified
circle is multiplied by a population variable (tropical cyclone precipitation). The values
are totaled together and divided by the area of the specified circle. This method was used
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to reveal a spatial comparison of changes in monthly tracks of tropical cyclones through
the study area between 1950 and 2013. The calculated direction of defined tropical
cyclone tracks (wettest precipitation cyclones) was accomplished via linear direction
mean in ArcGIS. The Linear Directional Mean is calculated to reveal the average
direction for a set of storm tracks (Noguiera and Keim, 2010b).
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Chapter 5. Results
5.1 Frequency of Warm-Season Droughts
The occurrence of drought was easy to detect by following the guidelines from
(Maxwell et al., 2013) that defined a drought utilizing PDSI indices. PDSI measures
meteorological drought by examining the moisture deficits of current and previous
months. The classification of a moderate drought condition during the warm-season
months of May to November required at least one month of a PDSI index of ≤-2.00
(Maxwell et al., 2013). A climate division was determined to experience a drought when
a monthly PDSI index value exceeded the above threshold between 1950 and 2013. The
study area experienced severe droughts on a consistent basis in all climate divisions from
1952 to 1955 (Table 5.1.1). During this time period, the central U.S. was impacted by a
long period of extreme drought covering an area of 1.1 million km². This particular
drought wiped out 25% of Texas’s potential agriculture, which was equivalent to $27
billion dollars in 2008 (Allen et al., 2011). The 1960s and 1970s experienced less
frequent drought in the study area relative to the 1950s. In the early part of the 1980s
droughts were relatively uncommon, while the latter part of the decade featured a severe
drought that was similar to the droughts of the mid-1950s. The drought during the late
1980s caused $20 billion dollars in agricultural and forestry losses, with additional losses
of $10 billion dollars in increased food costs across the U.S. (Svoboda et al., 2002). The
early to middle part of the 1990s was quiet, and resembled the 1960s and 1970s drought
frequency, but this was followed by a resurgence of drought in the later part of the decade
transitioning into the new millennium. The middle part of the first decade of the 2000s
experienced minimal levels of drought until the droughts of 2007-08. In the 2007

33

summer, a large portion of the U.S. suffered from a drought located in the Great Plains,
Great Lakes, Ohio Valley, and the Southeast. Unfortunately, the ramifications of this
drought were S61.6 billion dollars in economic losses (NCEI, 2014).

Table 5.1.1. Number of climate divisions experiencing drought each year in the study
area.
1950s
1960s
0
1
0
0
8
0
8
4
8
1
3
0
2
4
1
0
0
2
2
2
Source: ESRL (2015)
Color Code

1970s
0
0
0
0
0
0
0
4
0
0

0-2

1980s
4
1
0
4
0
3
7
7
8
0
3-5

1990s
0
4
1
0
0
0
0
0
5
6
6-8

2000s
6
4
1
0
0
3
1
8
7
1

2010s
1
0
7
0
x
x
x
x
x
x

No Record

Table 5.1.2. Number of months of warm-season moderate to severe drought in the
Eastern (KY) climate division.
1950s
1960s
0
1
0
0
2
0
4
0
7
3
3
0
0
2
1
0
0
0
2
6
Source: ESRL (2015)
Color Code

0-1

1970s
0
0
0
0
0
0
0
1
0
0
2-3

1980s
3
0
0
1
0
0
6
2
4
0

1990s
0
2
0
0
0
0
0
0
2
7

4-5

6-7

34

2000s
2
0
0
0
0
3
0
7
6
0

2010s
0
0
1
0
x
x
x
x
x
x

No Record

Table 5.1.3. Number of months of warm-season moderate to severe drought in the
Cumberland Plateau (TN) climate division.
1950s
1960s
0
0
0
0
5
0
2
1
5
0
0
0
0
1
0
0
0
4
0
0
Source: ESRL (2015)
Color Code

0-1

1970s
0
0
0
0
0
0
0
0
0
0

1980s
4
0
0
1
0
1
3
4
4
0

2-3

1990s
0
0
0
0
0
0
0
0
1
0

4-5

6-7

2000s
0
0
0
0
0
0
1
7
7
0

2010s
0
0
2
0
x
x
x
x
x
x

No Record

From observing all climate divisions in the study area, the Eastern (KY) climate
division experienced droughts more frequently than the others. In this division, 78
months of moderate to extreme drought occurred during the warm season months
between 1950 and 2013 (Table 5.1.2). The Cumberland Plateau (TN) climate division
experienced the fewest droughts, with only 53 months of moderate to extreme drought
between 1950 and 2013 (Table 5.1.3).

5.2 Frequency of Tropical Cyclones that Influence Precipitation
To determine the frequency of tropical cyclones that affect the study area, all
tropical and extra-tropical cyclones that passed within a 500-km buffer region around the
boundary of the study area were counted (Maxwell et al., 2013). The minimum threshold
of a tropical cyclone is a storm that maintains maximum wind speeds of 17 m/s. When
the storm moves away from the tropics and transforms to the characteristics of a
baroclinic storm, it is then classified as an extra-tropical cyclone. Fortunately, the
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hurricane database acquired for this research documented the time and date when this
extra-tropical transition took place. Once the HURDAT data were retrieved from the
NHC (2015), the name and location of each storm in the Atlantic basin between 1950 and
2013 were mapped in ArcGIS 10.2. This process revealed that 948 tropical cyclones
originated in the North Atlantic basin, and 169 of those tropical cyclones influenced the
study area of Tennessee and Kentucky. This means that nearly 18% of tropical cyclone
storms originating in the North Atlantic basin influenced the study area as illustrated in
Figure 5. From the 169 tropical cyclones that influenced the study area, 59 of them
transitioned to extra-tropical cyclones (Figure 6). The 35% of tropical cyclones that
experienced the extra-tropical transition is slightly below the 46% of tropical cyclones
evolving to extra-tropical cyclones in the entire North Atlantic basin, which is known as
having the highest rate of extra-tropical cyclone transitions (Evans and Hart, 2003).
After mapping the track of tropical cyclones, a summarization was completed to
count the number of tropical cyclones that influenced the study area each year. This
process yielded the frequency of tropical cyclones that influenced the study area between
1950 and 2013. The study area was affected by 168 tropical cyclones during the warm
season of May to November during the 64-year time period, which yields an average of
2.63 tropical cyclones that annually influenced the study area (Table 5.2.1). The decades
of the 1960s and 1990s experienced the lowest frequency of tropical cyclones affecting
the study area, with an average of 2.0 storms per year in those decades. The three decades
with the most activity in order were the 2000s (3.8/yr), 1970s (3.0/yr), and 1980s (2.7/yr).
The years of 2004 and 2005 each were the most active years, with seven tropical cyclones
affecting the study area, nearly three times the annual average for the study area. The
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increase of tropical cyclones in the study area during the later decades could be attributed
to several factors, such as a shift to the warm AMO phase or the impacts of climate
change.

Figure 5. Tropical cyclones intersecting the 500 km buffer zone (green shading).
Source: NHC (2015)
Table 5.2.1. The number of tropical cyclones that influenced the study area.
1950s
1960s
4
5
0
2
1
0
3
0
1
4
4
2
2
1
5
1
1
3
4
2
Source: NHC (2015)
Color Code

0-2

1970s
3
6
3
0
0
4
4
4
1
5

1980s
1
3
2
1
2
6
2
3
4
3

1990s
1
0
1
0
1
4
4
4
4
2
6≤

3-5
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2000s
2
2
4
4
7
8
2
3
4
2

No Record

2010s
2
2
3
1
x
x
x
x
x
x

Figure 6. Extra-tropical cyclone transition in the study area. Source: NHC (2015).
A secondary objective in observing the frequency of tropical cyclones that
influenced the study area was to determine where these tropical cyclones traveled. This
was accomplished by calculating the track density of tropical cyclones in ArcGIS. The
line density process calculates the density of tropical cyclone tracks in a specified area,
which reveals hot spots where tropical cyclones travel most frequently (Noguiera et al.,
2012). From the line density analysis, tropical cyclones that influenced the study area
traveled from the tip of Georgia’s coast to the tip of Virginia’s coastal waters (Figure 7).
The location of the highest frequency covered an area of 106,891 km² (42,420 mi²) and
its closest distance was 330 km (208 mi) to the Eastern (TN) climate division. This
suggests that the eastern climate divisions of Tennessee and Kentucky are potentially
affected more often by tropical cyclones on a yearly basis. The line density tool was also
used to analyze the density of tropical cyclones that transition to extra-tropical cyclones.
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The results show that the inland coast of South Carolina has the area of highest
occurrence (Figure 8).

Figure 7. Line density map illustrating tropical cyclone hot spots. Source NHC (2015).
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Figure 8. Line density map illustrating extra-tropical cyclone hot spots.
Source: NHC (2015).

5.3 Percentage of Precipitation Influenced by Tropical Cyclones
The next step of this research was to analyze the contribution of tropical cyclone
and extra-tropical cyclone precipitation to the study area. The initial process selected
weather stations from each climate division from the desired period of 1950 to 2013,
(Maxwell et al., 2013). A limitation was acknowledged by selecting only one weather
station for each climate division, which may not provide a proper spatial representation of
the area compared to using several weather stations per climate division. This limitation
was minimized by the fact that tropical cyclones and their remnants have less spatial
variability compared to convective thunderstorms, which produce a considerable
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percentage of the warm season precipitation in the study area. The locations of the
weather stations in each climate division and the time period for the data are shown in
Figure 9.

Figure 9. Weather stations used for the precipitation analysis. Source: MRCC (2015).

The Midwestern Regional Climate Center (MRCC, 2015) archives the
precipitation data. After the weather stations were selected, the definition for warmseason precipitation was reassessed. From the research discussed in the literature review,
the warm season months for precipitation paralleled the beginning and end of hurricane
season, which is June 1st to November 30th. This was modified slightly with the inclusion
of the month of May, due to the data revealing three tropical cyclones that influenced the
study area during that month between 1950 and 2013, which was very close to the four
tropical cyclones that influenced the study area in November during the same time
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period. As described in the literature review, the majority of tropical cyclone precipitation
was calculated from the dates of the storms as they tracked across the 500-km buffer
region. However, the selected weather stations usually collect precipitation values from
7:00 am CST (8:00 am EST) to 7:00 pm CST (8:00 pm EST). This potentially could
exclude important precipitation from the analysis; therefore, any precipitation from the
day prior to the initial date the tropical cyclone tracked across the buffer area and the day
after the tropical cyclone last tracked across the buffer area was included as tropical
cyclone precipitation (Maxwell et al., 2013). To collect the precipitation values for extratropical cyclones, the process was repeated when the stages of the storms tracked were
determined to be extra-tropical storms or lower pressure disturbances from the HURDAT
database (NHC, 2015).
After the process of collecting precipitation data for the overall warm-season,
tropical cyclones, and extra-tropical cyclones was completed, a number of statistics were
calculated. The first analysis calculated the averages of warm-season precipitation,
tropical cyclone precipitation, and extra-tropical cyclone precipitation for the total study
area. The data revealed the following means: 1) warm-season precipitation was 695.20
mm. (27.37 in.), 2) tropical cyclone precipitation was 42.83 mm (1.68 in.), 3) tropical
cyclone percentage was 6.14%, 4) extra-tropical cyclone precipitation was 14.57 mm.
(0.57 in.) and 5) the extra-tropical cyclone percentage was 2.11%. The climate divisions
of Middle (TN) and Central (KY) were influenced the most by tropical cyclone
precipitation and extra-tropical cyclone precipitation, as both received just under 7% of
their warm-season precipitation from tropical cyclones and around 2.5% from extratropical cyclone precipitation (Table 5.3.1). In considering the relationship spatially, this

42

result slightly contradicts the suggestion in the previous section that the eastern divisions
of the study area would be influenced more by tropical cyclones due to their proximity to
the Atlantic Ocean.

Table 5.3.1. Warm-season averages between 1950 and 2013 for precipitation variables.
Climate Divisions

Total
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropical
Cyclone
Precip. (%)

5.80%

ExtraTropical
Cyclone
Precip.
(mm.)
13.97

ExtraTropical
Cyclone
Precip.
(%)
2.20%

Western (KY)

695.20

38.61

Central (KY)

707.90

50.55

6.90%

18.03

2.50%

Blue Grass (KY)

686.31

42.16

6.30%

11.94

1.90%

Eastern (KY)

685.29

40.64

5.70%

14.99

2.20%

Eastern (TN)

652.78

37.59

5.70%

13.46

2.00%

Cumberland (TN)

757.94

42.16

5.30%

15.24

2.00%

Middle (TN)

686.31

46.23

6.90%

16.76

2.40%

Western (TN)

685.29

44.70

6.50%

12.19

1.70%

695.20

42.83

6.14%

14.57

2.11%

Study Area Avg.

Sources: MRCC (2015); NHC (2015)
The Middle (TN) climate division (Figure 10) has an increasing trend of 0.48 mm
(0.02 in) annually in tropical precipitation. The Central (KY) climate division (Figure 11)
has an increasing trend of 0.42 mm (0.02 in) annually in extra-tropical precipitation.
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Figure 10. Warm-season and tropical cyclone precipitation from the Middle (TN) climate
division. Sources: MRCC (2015); NHC (2015)
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Figure 11. Warm-season and extra-tropical cyclone precipitation from the Central (KY)
climate division. Sources: MRCC (2015); NHC (2015)
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In addition to the time series, correlation analyses between warm-season
precipitation and tropical cyclone precipitation were completed. During warm seasons,
climate divisions with above-average tropical cyclone precipitation typically are wetter
than normal, although there are rare cases when abundant tropical cyclone precipitation
occurs during a drought year. In Figure 12, the Cumberland Plateau (TN) climate division
displays a positive relationship between warm-season and tropical cyclone precipitation,
with a correlation coefficient of 0.35 and ρ-value of 0.01.

Tropical Cyclone Precipitation (mm)
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Figure 12. Correlation analysis between the tropical cyclone precipitation and warmseason precipitation in the Cumberland Plateau (TN) climate division.
Sources: MRCC (2015); NHC (2015)

The Eastern (KY) climate division illustrated the greatest relationship (Figure 13)
between warm-season and tropical cyclone precipitation, with a correlation of 0.41 and ρvalue of 0.01. Scatterplots of warm-season precipitation versus extra-tropical
precipitation yielded no statistically significant correlations across the study area.
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Figure 13. Correlation analysis between tropical cyclone precipitation and warm-season
precipitation in the Eastern (KY) climate division. Sources: MRCC (2015); NHC (2015)

Determining which tropical cyclones were the most important contributors to
warm-season precipitation was a key part of the analysis. This objective could potentially
indicate the occurrence of tropical cyclones that assisted in relieving droughts or dry
periods during the warm-season. The top ten tropical cyclones ranked by the total
precipitation contributed to the study area were located in the Gulf of Mexico and
averaged a positive tilt in the northeastern direction (Figure 14). Tropical Cyclone Lee II
contributed the most precipitation, with a total of 674 mm (26.55 in) across the eight
climate divisions, for an average of over 84 mm (3.3 in) per climate division.
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Figure 14. Top ten tropical cyclones with the most precipitation in the study area.
Sources: MRCC (2015); NHC (2015)
At the opposite end of the spectrum were the tropical cyclones that contributed
the least precipitation to the study area and, not surprisingly, nearly all were located in
the Atlantic Ocean, right on the edge of the buffer. The mean direction for the driest
tropical cyclone was a negative tilt in the northwestern direction. There were 24 tropical
cyclones that ranked among the 10 driest, with several ties, including the 12 tropical
cyclones that crossed the buffer but contributed zero precipitation (Figure 15).

47

Figure 15. Bottom ten tropical cyclones with the least precipitation in the study area.
Sources: MRCC (2015); NHC (2015)
Although ranking tropical cyclones by precipitation was effective, a better
approach to understand the spatial contribution of tropical cyclone precipitation is the line
density tool in ArcGIS. Utilization of the line density tool was slightly modified
compared to its utilization in the previous section by weighing the total precipitation from
each tropical cyclone across the study area. This method gave visual clarity (hotspots) to
where the wettest tropical cyclones traveled that were influential on the study area and,
potentially, could provide insight into tropical cyclones that alleviate droughts (Figure
16). The most influential area covered the Gulf of Mexico to parts of Louisiana,
Mississippi and Alabama. In dimensional statistics, this was a total area of 121,175 km²
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(46,769 mi²). The area of heaviest precipitation was the closest in proximity to the
Western (TN) climate division, with a distance of 242 km (150 mi.). There were 64
tropical cyclones that traveled in the heaviest hotspots, with an average life expectancy of
2.5 days traveling near the study area and an average total precipitation of 191.61 mm
(7.54 in).

Figure 16. Line density map of tropical cyclones using weighted precipitation.
Sources: MRCC (2015); NHC (2015)
As shown in Figure 17, the two climate divisions that benefited the most from
precipitation by tropical cyclones traveling through the heaviest hotspots in the Gulf of
Mexico were Middle (TN) with 27.57 mm (1.09 in) and Central (KY) with 27.54 mm
(1.08 in).
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Figure 17. Average precipitation in each climate division from tropical cyclones traveling
through the Gulf of Mexico hotspot. Sources: MRCC (2015); NHC (2015)

5.4.1 Influence of Teleconnections on Drought
After the precipitation and drought analyses were completed, the crux of this
research was to analyze how the teleconnections mentioned earlier influence tropical
cyclones and drought. Initially, PDSI mean values as a total between 1950 and 2013 were
compared to PDSI mean values in each phase of the teleconnections ENSO, AMO, and
NAO. The average PDSI over the whole study area was 0.37, which is roughly halfway
between the PDSI average from the cold phase of the AMO at 0.87 and the warm phase
AMO-PDSI average of -0.10. These data are consistent with Enfield et al. (2001) and
give an indication that the AMO phases are an effective predictor of whether the warm
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season in a given year will be dry or wet. The Cumberland Plateau (TN) and Middle (TN)
climate divisions display the most severe oscillation in PDSI values between the two
AMO phases (Table 5.4.1). For example, the Middle (TN) climate division has a PDSI
mean value of -0.14 during the warm AMO (drier warm-seasons) and a PDSI mean value
of 1.14 during the cold AMO (wetter warm-seasons).

Table 5.4.1. Average warm-season PDSI values in each climate division between 1950
and 2013 with average PDSI for each teleconnection phase.
Climate
Total El Niño
La
Division Period
Niña
Western
0.44
0.14
0.24
(KY)
Central
0.36
0.13
0.16
(KY)
Blue Grass 0.34
0.13
0.19
(KY)
Eastern
0.26
0.39
-0.03
(KY)
Eastern
0.32
1.12
-0.30
(TN)
Cumber0.41
0.84
0.38
land (TN)
Middle
0.48
1.10
0.19
(TN)
Western
0.38
0.77
0.25
(TN)
Study
0.37
0.58
0.14
Area Avg.
Sources: CPC (2015); ESRL (2015)

Neutral
0.71

Warm Cold
AMO AMO
0.10
0.80

Neg.
NAO
0.47

Pos.
NAO
0.40

0.60

-0.14

0.90

0.39

0.33

0.54

-0.07

0.78

0.47

0.17

0.42

-0.20

0.75

0.34

0.15

0.42

-0.15

0.80

0.03

0.68

0.27

-0.13

1.00

0.11

0.83

0.45

-0.14

1.14

0.25

0.79

0.32

-0.03

0.75

0.38

0.38

0.46

-0.10

0.87

0.31

0.46

The next process was to measure the relationship in drought to the teleconnections
of interest; this was accomplished by the correlation coefficient between PDSI values in
each climate division and the teleconnections. As discovered from previous articles,
ENSO observed no statistically significant relationship versus PDSI values in each
climate division during the warm-season periods, and is known to determine the wetter or
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drier periods of the Southeast U.S. in winter (Maxwell et al., 2013). The correlation
coefficients obtained from measuring the relationship of PDSI values to the AMO and
NAO parallel the data from observing the PDSI mean values. In Table 5.4.2, the AMO
displays a statistically significant negative relationship with the Cumberland Plateau (TN)
and Middle (TN) climate divisions. Even though the NAO is not known to be an
influence on droughts or dry periods, the Cumberland Plateau (TN) division illustrates a
statistically significant positive relationship.
Table 5.4.2. Correlations of warm-season PDSI with teleconnections. Correlation
coefficients with a significant ρ value ≤ 0.05 are bolded.
Climate Divisions
ENSO
Western (KY)
0.009
Central (KY)
-0.030
Blue Grass (KY)
-0.053
Eastern (KY)
0.031
Eastern (TN)
0.173
Cumberland (TN)
-0.017
Middle (TN)
0.051
Western (TN)
0.024
Sources: CPC (2015), ESRL (2015)

AMO
-0.173
-0.203
-0.176
-0.173
-0.154
-0.254
-0.250
-0.198

NAO
0.120
0.183
0.095
0.112
0.229
0.295
0.220
0.140

To visualize the statistically significant relationship between the teleconnections
and climate divisions, scatterplot graphs were created for two of the three statistically
significant correlation coefficient values. The Middle (TN) climate division had an r
value of -0.25 and a ρ-value of 0.05, as shown in Figure 18. The Cumberland Plateau
(TN) climate division has a statistically significant positive relationship with the NAO,
with an r value of 0.295 and ρ-value of 0.02 (Figure 19). This means that, as the NAO
index becomes more positive, the Cumberland Plateau becomes wetter, which implies the
negative NAO is associated with drier periods and droughts.
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Figure 18. Correlation analysis between the Middle (TN) PDSI and the AMO index.
Sources: ESRL (2015); MRCC (2015)
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Figure 19. Correlation analysis between the Cumberland (TN) PDSI and the NAO Index.
Sources: CPC (2015), ESRL (2015)
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After determining the PDSI mean values and quantifying the relationship between
the PDSI and the teleconnections in each climate division, the Chi Square and Odds Ratio
tests were performed. The Chi Square method was employed to determine if there was a
considerable difference in the occurrence of droughts between the AMO and NAO
phases. Before the Chi Square analysis was executed, the drought data were converted
into binary data of “yes” when there was at least one monthly PDSI value of ≤-2.00 and
“no” when this did not occur during the yearly warm-season period. If there was a
statistically significant difference in the occurrence of droughts for a climate division
between one phase to another in the AMO or NAO, the Odd Ratio test was then utilized
to measure how much more probable it was that the drought would occur compared to the
opposite phase. The results from the two analyses reiterated the results demonstrated by
the previous analysis, where the Middle (TN) climate division illustrated the most
considerable difference in occurrence of droughts during the two AMO phases, with a
Chi Square value of 7.53 and a ρ- value of 0.01. In addition, the Odds Ratio test showed
that the Middle (TN) climate division is 7.10 times more likely to have a drought occur
during a warm AMO phase compared to a cold AMO phase (Table 5.4.3). In general,
these results suggest that, on average, throughout the Mid-South, warm-season droughts
are roughly five times more likely to occur during the warm AMO than the cold AMO.
As anticipated from a review of the literature, there were no statistically
significant differences in each climate division for occurrences in drought when
comparing the positive and negative phases of the NAO. The results from the Chi Square
analysis and Odds Ratio test also expose quite well how the AMO influences the climate
divisions spatially. The climate divisions in closer proximity to the Atlantic Ocean were
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influenced more by the AMO compared to the two farthest west, which displayed the
weakest Chi Square and Odds Ratio values (Figure 20).
Table 5.4.3 Chi-Square and odds ratio analysis for droughts with comparison of the warm
AMO phase to the cold AMO phase.
Climate Division
Western (KY)
Central (KY)
Blue Grass (KY)
Eastern (KY)
Eastern (TN)
Cumberland (TN)
Middle (TN)
Western (TN)
Source: ESRL (2015)

ρ Value
0.21
0.02
0.02
0.03
0.05
0.09
0.01
0.18

Chi Square X²
1.60
5.75
5.75
4.66
3.96
2.83
7.53
1.79

Odds Ratio
3.20
5.65
5.65
5.21
4.71
3.78
7.10
3.18

Figure 20. Odds ratio and Chi-square analysis results of drought occurrences during the
warm and cold phases of the AMO. Source: ESRL (2015).
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5.4.2 Influence of Teleconnections on Tropical Cyclones
The next section addresses the average frequency of tropical cyclones in the study
area for all phases of ENSO, AMO and NAO. Unexpectedly, the data revealed that the
greatest frequency of tropical cyclones traveling through the study area occurred during
an El Niño, with a yearly average frequency of 2.83, which is followed by the negative
NAO phase, with a yearly average frequency of 2.76 (Table 5.4.4). Even though prior
research stated that fewer tropical cyclones develop in the Atlantic Ocean during an El
Niño due to increased vertical wind shear, the landfalls of tropical cyclones during an El
Niño in the Southeast are not diminished in the study area (Bove et al., 1998). None of
the averages of tropical cyclone frequency during any teleconnection phase are much
different than the total period frequency of 2.63.
After simply obtaining the mean for the frequency of tropical cyclones during
each phase of ENSO, AMO, and NAO, a similar approach was employed in locating the
warm season precipitation, tropical cyclone precipitation, and extra-tropical cyclone
precipitation mean values for each climate division during each phase of the specified
teleconnections. When comparing the phases of ENSO, an El Niño consistently surpassed
the other two phases in all categories, with the exception of tropical cyclone precipitation
percentages. The neutral phase of ENSO barely surpassed El Niño with 6.33% to 6.28%,
although this difference is not statistically significant. Although El Niño has a slightly
greater influence on tropical cyclone precipitation compared to La Niña and neutral
ENSO, the data could be biased because an El Niño occurs less frequently, with only 12
years compared to 30 years for a neutral ENSO and 22 years for a La Niña. As
acknowledged in previous studies, ENSO has little influence on tropical cyclone rainfall
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(Noguiera and Keim, 2010b). The Western (TN) and Cumberland Plateau (TN) climate
divisions benefited the most in warm-season precipitation mean values, with 794.26 mm
(31.27 in) and 789.94 mm ( 31.10 in).

Table 5.4.4. Average tropical cyclone frequency in the study area between 1950 and 2013
for each teleconnection phase.
Events

Total
Period
2.63

El
Niño
2.83

La
Niña
2.74

Neutral

Tropical
2.45
Cyclones
Sources: CPC (2015); ESRL (2015); NHC (2015)

Warm
AMO
2.76

Cold
AMO
2.48

Negative Positive
NAO
NAO
2.78
2.43

Table 5.4.5. Warm-season precipitation values during an El Niño.
Climate
Divisions

Western
(KY)
Central
(KY)
Blue Grass
(KY)
Eastern
(KY)
Eastern
(TN)
Cumberland
(TN)
Middle
(TN)
Western
(TN)
Study Area
Avg.
NOTE: (N=12).

Total
Warm
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropical
Cyclone
Precip. (%)

ExtraTropical
Cyclone
Precip. (%)

6.17

ExtraTropical
Cyclone
Precip.
(mm)
24.13

676.15

40.64

711.20

54.36

6.98

18.80

2.30

669.04

50.80

6.97

13.46

2.00

725.93

53.09

6.64

13.97

1.97

722.38

41.40

5.43

13.46

1.73

789.94

51.05

5.96

14.48

1.87

719.84

38.61

5.35

14.99

2.12

794.26

55.88

6.76

19.56

2.21

726.09

48.23

6.28

16.61

2.20

Sources: CPC (2015); MRCC (2015)
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3.38

When analyzing the precipitation variables for both AMO and NAO phases, there
was a difference between precipitation mean values in each climate division. In
comparing the warm and cold AMO phases, there was a 1.54% difference between the
warm and cold phase for tropical cyclone precipitation percentages in the study area as a
whole. Additionally, there is a difference in extra-tropical cyclone percentages where the
warm AMO phase was 2.46 times greater than the AMO cold phase. The Middle (TN)
climate division emulates this description the best, with a 2.47% swing in tropical
cyclone percentages from the warm AMO to the cold AMO phase. These data parallel the
information from previous analyses that illustrated the sensitivity to droughts in the
Middle (TN) climate division to changes in the AMO phase. The data exhibited in Tables
5.4.6 and 5.4.7 support past research documenting that warm SSTs associated with the
warm AMO induce a reduction in overall warm-season precipitation and an increase in
tropical cyclone precipitation (Noguiera and Keim, 2010a).

Table 5.4.6. Warm-season precipitation values during the cold AMO.
Climate
Divisions

Total
Warm
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropical
Cyclone
Precip.
(%)

Western (KY)
712.22
39.88
5.18
Central (KY)
721.61
44.20
5.69
Blue Grass (KY)
679.70
35.05
5.01
Eastern (KY)
695.20
36.83
5.09
Eastern (TN)
661.42
30.73
4.92
Cumberland (TN) 786.38
36.58
4.49
Middle (TN)
689.10
39.62
5.61
Western (TN)
708.66
44.45
6.74
Study Area Avg. 706.79
38.41
5.34
NOTE: (N=31). Sources: ESRL (2015); MRCC (2015)
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ExtraTropical
Cyclone
Precip.
(mm.)
10.67
8.38
6.86
9.14
5.33
7.87
9.65
9.40
8.41

ExtraTropical
Cyclone
Precip.
(%)
1.40
1.13
1.04
1.31
1.00
1.00
1.44
1.37
1.21

Table 5.4.7. Warm-season precipitation values during the warm AMO.
Climate
Divisions

Total
Warm
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropical
Cyclone
Precip.
(%)

Western (KY)
678.94
37.34
6.36
Central (KY)
694.94
56.39
8.05
Blue Grass (KY)
692.40
48.77
7.41
Eastern (KY)
663.96
43.69
6.23
Eastern (TN)
695.20
44.45
6.57
Cumberland
730.76
47.24
6.06
(TN)
Middle (TN)
653.29
52.83
8.08
Western (TN)
700.53
44.96
6.26
Study Area
688.75
46.96
6.88
Avg.
NOTE: (N=33). Sources: ESRL (2015); MRCC (2015)

ExtraTropical
Cyclone
Precip.
(mm.)
17.02
27.18
16.51
20.32
21.34
21.84

ExtraTropical
Cyclone
Precip.
(%)
2.90
3.74
2.67
3.03
3.04
2.93

23.37
14.73
20.29

3.38
2.05
2.98

The two NAO phases were left for comparison with the mean of precipitation
variables in each climate division. A pattern was displayed similar to the AMO, where
there was considerable increase in total warm-season precipitation during the negative
NAO compared to the positive NAO. The primary difference between the AMO and
NAO is that a negative NAO also had more tropical cyclone and extra-tropical cyclone
precipitation compared to a positive NAO. Between ENSO, AMO, and NAO, the
teleconnection phase with the greatest amount of tropical cyclone precipitation for the
entire study area is the negative NAO with 50.07 mm (1.97 in). The data illustrated in
Tables 5.4.8 and 5.4.9 revealed that the Central (KY) climate division is the most
sensitive to changes in the NAO phases. For the Central (KY) climate division, there is a
3.88% swing in the tropical cyclone percentage and a 2.50 times greater chance for extratropical cyclone precipitation during a negative NAO phase compared to a positive NAO
phase.
59

Table 5.4.8. Warm-season precipitation values during the negative NAO.
Climate
Divisions

Total
Warm
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropica
l
Cyclone
Precip.
(%)
Western (KY)
712.22
44.20
6.78
Central (KY)
715.01
61.47
8.54
Blue Grass (KY)
719.07
47.75
7.10
Eastern (KY)
691.90
45.21
6.33
Eastern (TN)
645.41
45.72
6.89
Cumberland (TN) 748.54
49.28
6.26
Middle (TN)
671.83
52.07
8.09
Western (TN)
726.95
54.86
7.63
Study Area Avg. 703.87
50.07
7.20
NOTE: (N=37). Sources: CPC (2015); MRCC (2015)

ExtraTropical
Cyclone
Precip. (mm.)

ExtraTropical
Cyclone
Precip. (%)

16.51
24.13
14.48
18.29
19.05
19.30
20.83
16.26
18.61

2.72
3.30
2.34
2.73
2.76
2.58
3.05
2.26
2.71

Table 5.4.9. Warm-season precipitation values during the positive NAO.
Climate
Divisions

Total
Warm
Precip.
(mm.)

Tropical
Cyclone
Precip.
(mm.)

Tropical
Cyclone
Precip.
(%)

Western (KY)
671.58
30.99
4.43
Central (KY)
698.25
35.56
4.66
Blue Grass (KY)
641.10
34.04
5.09
Eastern (KY)
661.42
33.78
4.79
Eastern (TN)
662.43
26.92
4.23
Cumberland
770.38
32.26
3.97
(TN)
Middle (TN)
668.78
38.61
5.24
Western (TN)
673.61
30.99
4.94
Study Area
680.94
32.89
4.67
Avg.
NOTE: (N=27). Sources: CPC (2015); MRCC (2015)

ExtraTropical
Cyclone
Precip.
(mm.)
10.67
9.65
8.13
10.16
6.10
9.40

ExtraTropical
Cyclone
Precip.
(%)
1.44
1.34
1.24
1.47
1.00
1.19

10.92
6.60
8.95

1.61
1.00
1.29

A correlation analysis showed that the relationship between warm-season
precipitation variables and teleconnections in the Mid-South is not very robust, with only
a few climate divisions showing any statistically significant relationships. The

60

Cumberland Plateau (TN) climate division was the only one that displayed a statistically
significant relationship with a teleconnection pertaining to overall warm-season
precipitation. Table 5.4.10 shows that the NAO has a statistically significantly positive
relationship to warm-season precipitation in the Cumberland Plateau with an r value of
0.29 and a ρ-value of 0.02. In addition to this relationship in the Cumberland Plateau, the
AMO illustrated a statistically significant relationship with extra-tropical precipitation.
Table 5.4.10. Correlation coefficients (top) and ρ-values (bottom) between each
teleconnection and the Cumberland Plateau (TN) precipitation variables.
Dependent
Variables

ENSO

-0.06
Warm Season
0.62
Precip.
-0.03
Tropical Cyclone
0.80
Precip.
-0.04
Tropical Cyclone
0.75
Precip. %
-0.07
Extra-Tropical
0.56
Cyclone Precip.
-0.06
Extra-Tropical
0.64
Cyclone Precip.
%
NOTE: Statistically significant values are in bold.
Sources: CPC (2015); ESRL (2015); MRCC (2015)

AMO

NAO

-0.13
0.32
0.17
0.19
0.19
0.13
0.25
0.05
0.26
0.04

0.29
0.02
-0.07
0.60
-0.12
0.36
-0.13
0.30
-0.15
0.24

The Middle (TN) climate division correlation coefficient values were consistent
with previous analysis, where the AMO has a statistically significant relationship with the
tropical cyclone and extra-tropical cyclone precipitation variables. For tropical cyclone
precipitation, the Middle (TN) climate division was the only one that had a statistically
significant positive relationship to the AMO with an r value of 0.26 and a ρ-value of 0.04
(Table 5.4.11). For the relationship between extra-tropical cyclone precipitation and
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teleconnections, the Eastern (TN) climate division displayed the strongest positive
relationship with the AMO with an r value of 0.32 and a ρ-value of 0.01 (Table 5.4.12).
Table 5.4.11. Correlation coefficients (top) and ρ-values (bottom) between each
teleconnection and the Middle (TN) precipitation variables.
Dependent
Variables

ENSO

0.08
Warm Season
0.52
Precip.
-0.03
Tropical Cyclone
0.80
Precip.
-0.03
Tropical Cyclone
0.82
Precip. %
-0.09
Extra-Tropical
0.47
Cyclone Precip.
-0.06
Extra-Tropical
0.66
Cyclone Precip. %
NOTE: Statistically significant values are in bold.
Sources: CPC (2015), ESRL (2015), MRCC (2015)

AMO

NAO

-0.06
0.66
0.26
0.04
0.27
0.03
0.27
0.03
0.25
0.05

-0.03
0.84
-0.08
0.55
-0.12
0.34
-0.19
0.13
-0.16
0.20

The analysis of mean precipitation variables and correlation coefficients in each
climate division in relation to the observed teleconnections revealed a strong spatial
relationship in several climate divisions. This presented an opportunity to view tropical
cyclone tracks in ArcGIS that were segregated by the two AMO and NAO phases. The
main objective of this task was to observe a potentially distinct pattern in tropical
cyclones tracks and precipitation based on the subtle changes in the two teleconnections
that support the previous analysis. The warm AMO phase (Figure 21) had 92 tropical
cyclones that influenced the study area compared to 77 tropical cyclones in the AMO
cold phase (Figure 22).
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Table 5.4.12. Correlation coefficients (top) and ρ-values (bottom) between each
teleconnection and the Eastern (TN) precipitation variables.
Dependent
Variables

ENSO

AMO

NAO

Warm Season
Precip.

0.21
0.10

-0.01
0.91

0.13
0.32

Tropical Cyclone
Precip.

-0.00
0.98

0.22
0.08

-0.13
0.29

Tropical Cyclone
Precip. %

-0.06
0.63

0.19
0.14

0.16
0.21

Extra-Tropical
Cyclone Precip.

-0.02
0.85

0.32
0.01

-0.19
0.12

Extra-Tropical
Cyclone Precip. %

-0.05
0.68

0.30
0.02

-0.21
0.09

NOTE: Statistically significant values are in bold.
Sources: CPC (2015); ESRL (2015); MRCC (2015).

Figure 21. Tropical cyclone tracks during the warm AMO by precipitation amount.
Source: CPC (2015); ESRL (2015); MRCC (2015).
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Figure 22. Tropical cyclone tracks during the cold AMO by precipitation amount.
Source: CPC (2015); ESRL (2015); MRCC (2015)

However, when comparing the total tropical cyclones in the two phases that travel
through the hot spot areas in the Gulf of Mexico (see Figure 16), which contribute the
most precipitation to the study area, the difference was nearly double, with 40 tropical
cyclones in the AMO warm phase and 24 tropical cyclones in the AMO cold phase. The
total precipitation that influenced the study area from tropical cyclones traveling through
this study area during the two AMO phases was 198.63mm (7.82 in) for the warm AMO
and 179.90 mm (7.08 in) for the cold AMO. Comparing the climate divisions, some were
more consistent with what was expected from past studies than others. The Central (KY)
and Middle (TN climate divisions continued to parallel the changes in AMO with the
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most precipitation during the warm phase of 29.00 mm (1.14 in) in the Middle (TN) and
29.85 mm (1.75 in) in the Central (KY) climate divisions. Ironically, the two climate
divisions that illustrated the most extreme change in precipitation were the Western (KY)
and Eastern (KY) ones. The Western (KY) climate division revealed the opposite pattern
with 28.30 mm (1.11 in) during the cold AMO and 14.81 mm (0.58 in) in the warm
AMO. The Eastern (KY) climate division was at the other extreme, with 25.13 mm (0.99
in) in the warm AMO and 15.84 mm (0.62 in) during the cold AMO. These data
repeatedly support how the AMO influences the study area spatially, with the climate
divisions in the far west receiving a weaker influence from the teleconnection.
The spatial analysis of the two NAO phases pertaining to the tropical cyclone
tracks weighted by precipitation was quite informative. Even though the literature
suggests that the NAO has no direct effect on the development of tropical cyclones or the
amount of precipitation that the tropical cyclone contributes to the Southeast, the data for
the Mid-South consistently illustrate otherwise. When initially reviewing the two maps
(Figures 23 and 24) in their different NAO phases, there appears to be a pronounced
difference in comparing the negative phase with 104 tropical cyclones and 65 tropical
cyclones in the positive phase. This simple comparison by spatial visualization supports
the information from previous studies, which documents that the probability of a tropical
cyclone influencing the southeast U.S. with enough precipitation to alleviate existing
droughts is six times greater during a negative NAO (Maxwell et al., 2013).
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Figure 23. Tropical cyclone tracks during the positive NAO by precipitation amount.
Source: CPC (2015); ESRL (2015); MRCC (2015).
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Figure 24. Tropical cyclone tracks during the negative NAO by precipitation amount.
Source: CPC (2015); ESRL (2015); MRCC (2015).

When duplicating the hotspot analysis process for the two NAO maps, the data
exhibited similar patterns displayed by the AMO maps. There were two times more
tropical cyclones that traveled through the hotspot areas during a negative NAO with 44
to 20 in a positive NAO. The difference in total precipitation contribution to the study
area was apparent when analyzing the tropical cyclones that traveled through the hotspot
areas, with 196.78 mm (7.74 in) during the negative NAO and 180.23 mm (7.10 in)
during the positive NAO, which is nearly identical to the AMO results. Each climate
division in the study area depicted similar fluctuations in tropical cyclone precipitation
based on the changes in the NAO phases. The Central (KY) climate division showed the
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most sensitivity in tropical cyclone precipitation during the different NAO phases. This
division received 29.89 mm (1.18 in) on average during a negative NAO phase and 22.40
mm (0.88 in) on average during the positive phase, which is a 25% decrease in tropical
cyclone precipitation when going from a negative phase to a positive phase. The data
generated from the analysis in this section solidify the concept of the AMO and NAO as a
substantial influence on the interior southeastern states of Tennessee and Kentucky with
its relevance to tropical cyclone precipitation. The central area of the two states showed
the most response to the change in phases from the NAO and AMO. These data quantify
the spatial range of influence from the two teleconnections in the Atlantic Ocean in
comparison to the extreme western area of both states. This finding supports the
argument that TCDBs do occur in the study area and that the phases of the two Atlantic
Ocean teleconnections can influence this outcome.
After observing several previous analyses and simple visualization patterns in
ArcGIS, the data demonstrated that the teleconnections under study have an influence on
tropical cyclone precipitation. To confirm this hypothesis, additional inferential
statistical analysis took place to compare the means for every precipitation variable
between all phases of the teleconnections. For precipitation variables that were normally
distributed, the Independent Sample T-Test was executed to discover if there was a
statistically significant difference between the phases in each teleconnection. The
normality of precipitation variables was determined through several steps. First, the
skewness and kurtosis values were divided by their error values. If the result from this
step was between -1.96 and + 1.96, then the precipitation variable had a ≥95% confidence
in normal distribution. When a precipitation variable passed the kurtosis and skewness
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test, the Shapiro-Wilks Test results were observed for verification with a ρ-value ≥ 0.05
to solidify the variables normality (Doane and Seward, 2011). The precipitation variables
that were not found to be normally distributed went through the process of
transformation. The non-normal data were transformed by converting original values to
their cube root and repeating the previous test for normality. If the transformed data
failed normality tests the second time, the alternative solution was to analyze the original
precipitation data and the transformed precipitation data through the non-parametric test
known as Kruskal-Wallis One Way ANOVA. This process was the best method to
display consistency and assurance that the data under review were statistically
significantly different between phases in each teleconnection in this research.
As earlier results in this chapter suggest, there were few statistically significant
differences in precipitation variables between phases in each teleconnection. The overall
warm-season precipitation was the only precipitation variable that was confirmed to be of
normal distribution. This outcome suggested that the Independent Samples T-Test could
be utilized for warm season precipitation. In Table 5.4.13, results displayed from the TTest show that there is a statistically significant difference in warm season precipitation
during La Niña and El Niño events for two climate divisions in Tennessee. The two
climate divisions in this state were the far eastern and the western. The results of this
statistical method illustrate how ENSO has a spatial influence on the study area. For the
NAO (Table 5.4.14), only the Blue Grass (KY) climate division showed a statistically
significant difference between the positive and negative NAO for warm-season
precipitation.
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Table 5.4.13. Independent sample t-test at 95% confidence intervals comparing the means
of warm season precipitation between La Niña and El Niño events.
Climate Divisions

T-Value

ρ-Value

Western (KY)

-0.06

0.95

Central (KY)

0.24

0.81

Blue Grass (KY)

-0.18

0.86

Eastern (KY)

1.33

0.19

Eastern (TN)

2.12

0.04

Cumberland (TN)

0.22

0.83

Middle (TN)

0.86

0.40

Western (TN)

2.10

0.04

NOTE: Statistically significant values in bold. Sources: CPC (2015), MRCC (2015)

Table 5.4.14. Independent sample t-test at 95% confidence intervals comparing the means
of warm season precipitation between positive and negative NAO phases.
Climate Divisions

T-Value

ρ-Value

Western (KY)

-.093

0.36

Central (KY)

-0.43

0.67

Blue Grass (KY)

-2.01

0.05

Eastern (KY)

-0.77

0.45

Eastern (TN)

0.49

0.63

Cumberland (TN)

0.51

0.61

Middle (TN)

-0.07

0.94

Western (TN)

-1.12

0.27

NOTE: Statistically significant values in bold. Sources: CPC (2015), MRCC (2015)
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Both the tropical cyclone and extra-tropical cyclone precipitation variables
showed large deviations from normality, since several years in the time series had zero
values of precipitation and several years had very large rainfall amounts. Both variables
were transformed using a cube root transformation. The transformed precipitation
variable that consistently displayed a difference between means was extra-tropical
cyclone precipitation, when referring to the two AMO phases. Extra-tropical and
transformed extra-tropical precipitation data generated similar results through the
selected parametric and non-parametric tests. In Table 5.4.15, the Eastern (TN) climate
division is statistically significantly different in extra-tropical precipitation during the
warm AMO compared to the cold AMO for both sets of difference-of-means tests. This
observation was confirmed through several tests that generated a Kruskal Wallis value of
7.04 and ρ-value of 0.01.
The fluctuations in extra-tropical cyclone precipitation during the two AMO
phases can be observed visually using ArcGIS. The climate divisions of Cumberland
Plateau (TN), Middle (TN), and Central (KY) showed statistically significant differences
between means for the two AMO phases using the non-parametric Kruskal-Wallis test,
but not when using the transformed data in a standard t-test, which again supports that
this teleconnection has meaningful influence on certain climate divisions between
oscillations.
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Table 5.4.15. Independent sample t-test and Kruskal-Wallis one way ANOVA test at
95% confidence intervals comparing the means of extra-tropical cyclone precipitation
between the two AMO phases.
Climate
Divisions

KruskalWallis Value

ρ-Value

T-Value

ρ-Value

3.42
0.06
0.75
0.46
Western
(KY)
3.16
0.08
Central
2.20
0.03
(KY)
1.46
0.15
Blue Grass
3.73
0.05
(KY)
1.53
0.13
Eastern
4.17
0.04
(KY)
Eastern
7.04
0.01
2.46
0.02
(TN)
1.93
0.06
Cumberland
4.86
0.03
(TN)
2.81
0.09
1.80
0.08
Middle
(TN)
1.00
0.32
0.88
0.38
Western
(TN)
NOTE: Bolded values passed one test and bolded and underlined values passed both
tests. Sources: ESRL (2015); MRCC (2015)

Although there were only a few precipitation variables that had a significant
relationship with the teleconnection indices, the findings were similar to those in the
literature, which stated that the amount of tropical cyclone precipitation that assists in
alleviating droughts in the Southeast is three times greater during a warm AMO phase
and six times greater in a negative NAO phase (Maxwell et al., 2013). This relationship
between the NAO and AMO led me to analyze the precipitation variables based on a
combination of the two phases through parametric and non-parametric tests. As seen in
Table 5.4.16, the two most frequent combination phases were phase 2 (Cold AMO,
Positive NAO) with 20 years and phase 3 (Warm AMO, Negative NAO) with 26 years.
The precipitation variables were partitioned by the four combination phases while
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comparing their means through One Way ANOVA analysis or Kruskal Wallis One Way
ANOVA analysis for non-parametric data. Once the results were generated from both
tests, the data were visualized spatially using ArcGIS 10.2.2.
Table 5.4.16. Years of various AMO and NAO combinations.
Teleconnection Phase NAO(-) NAO(+)
11
20
AMO(cold)
26
7
AMO(warm)
Sources: CPC (2015); ESRL (2015).
The results from this statistical analysis displayed no statistically significant
difference in any precipitation variable for all four combinations of the AMO and NAO
phases. The results from this and previous analysis in this chapter support a reduction in
the influence of the AMO and NAO on the interior southeastern U.S. states. Even though
the ANOVA analysis did not parallel the previous findings, the spatial analysis using
ArcGIS contributes to a pattern that shows some subtle influence. The tropical cyclone
tracks with a contribution to precipitation in the study area for phase 2 (Cold AMO,
Positive NAO) are shown in Figure 25. There were a total of 50 tropical cyclones
between 1950 and 2013 that influenced the study area during this combination of
teleconnection phases. The percentage of these tropical cyclones that traveled through the
hotspot areas discussed in section 5.3, and which yielded the most precipitation in the
study area, was 34% with 17 tropical cyclones. The annual average of total precipitation
in the study area from hotspot areas was 177.76 mm (7.00 in). The Cumberland Plateau
(TN) climate division benefited the most from tropical cyclone precipitation during this
phase with 31.94 mm (1.25 in) and the opposite was found in the Eastern (TN) climate
division, which received the lowest precipitation of only 16.52 mm (0.65 in).
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Figure 25. Tropical cyclones tracks weighted by precipitation during the cold AMO and
the positive NAO.
Source: CPC (2015); ESRL (2015); MRCC (2015); NHC (2015).
The patterns observed from Figure 26 were as expected, with a considerable
increase in precipitation from tropical cyclones in the study area during phase 3 (Warm
AMO, Negative NAO). During phase 3, the number of tropical cyclones that influenced
the study area was 1.5 times greater than phase 2, with 77 tropical cyclones from 1950 to
2013. Nearly half of the tropical cyclones during this phase (36) traveled through the
hotspot area and contributed the most precipitation across the study area.
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Figure 26. Tropical cyclones weighted by precipitation during the warm AMO and the
negative NAO. Source: CPC (2015); ESRL (2015); MRCC (2015); NHC (2015).

The yearly average total precipitation contributed to the study area was 202.34
mm (7.97 in), which is close to 25.40 mm (1 in) greater than phase 2. The focal area
where the most precipitation was received shifted west to the climate divisions of Middle
(TN) with 29.09 mm (1.15 in) and Central (KY) with 31.22 mm (1.23 in). The pattern in
phase 3 was similar to phase 2, where the driest climate division during this phase was
adjacent to the wettest climate division, with the Western (KY) climate division receiving
only 13.84 mm (0.54 in) of tropical cyclone precipitation. The spatial visualization and
data extracted from the two previous GIS maps have some linkage to past research that
related the warm AMO and negative NAO. This increases the probability of tropical
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cyclones making landfall along the Gulf Coast and receiving statistically significant
amounts of tropical cyclone precipitation that relieves any existing droughts via the
positioning of the Bermuda High (Ortegren et al., 2011).

5.5 Tropical Cyclone Drought-Busting Events
The final research question was the primary objective of the entire project, where
the goal was to determine if TCDBs occur as frequently in the interior southeastern states
of Tennessee and Kentucky compared to the coastal southeastern states. This question
was answered by determining if any TCDBs existed in any climate division of the study
area between 1950 and 2013. A TCDB was defined by Maxwell et al. (2013) as when a
climate division that experienced moderate to severe drought (PDSI ≤-2.00) in a warmseason month had near normal moisture conditions (PDSI ≥-0.50) the following month,
due to tropical cyclone precipitation that accounted for over 50% of that month’s
precipitation.
The initial application of the TCDB procedure, as defined above, yielded no
events between 1950 and 2013. Therefore, some modifications were implemented to find
any potential events. The main modification considered was the percentage of tropical
cyclone precipitation in the month that ended the moderate to severe drought. In the
southeastern coastal states, where the TCDB definition was originally applied, tropical
cyclone precipitation contributes roughly 15% of warm-season precipitation annually
(Maxwell et al., 2013). Unfortunately, this does not occur in the Mid-South study area,
where only 6% of warm-season precipitation was from tropical cyclones, which is 40%
of the contribution to the coastal states. To account for this, the amount of tropical
cyclone precipitation that occurred during the month when moderate-to-severe drought
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conditions reverted back to near normal was reduced proportionally by 40%, so that 20%
became the new threshold as compared to the 50% threshold for the coastal states. This
modification in the TCDB procedure still only yielded five TCDBs between 1950 and
2013 in the study area, which means that just 3% of tropical cyclones that influenced the
study area of Tennessee and Kentucky were TCDBs. Since there were so few TCDBs in
the study area, it was not possible to use statistics to investigate teleconnection
relationships. The five TCDB tropical cyclones were mapped in Figure 27.

Figure 27. The five TCDBs in the study area between 1950-2013 with the percentage of
precipitation contributed to drought relief and the number of occurrences in each climate
division.
Source: ESRL (2015); MRCC (2015); NHC (2015).
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The Eastern (KY) and Bluegrass (KY) climate divisions experienced the most
TCDB events, with two. The most recent TCDB, Isaac IV in 2012, contributed the most
tropical cyclone precipitation to alleviate an existing drought, with 45% and a total of
294.84 mm (11.61 in) in rainfall contribution to the study area. The Western (TN) climate
division received the most rainfall from Isaac, at 89.92 mm (3.54 in), with extreme
drought conditions relieved quickly during the month of September when the PDSI went
from -3.64 to 0.44. The second-most important TCDB was Charley in 1986. This tropical
cyclone accounted for 43% of August’s precipitation for the Middle (TN) climate
division to give drought relief immediately (-2.73 to -0.04), with 37.08 mm (1.46 in) of
rainfall. The total study area received 151.64 mm (5.97 in) and the Central (KY) division
received the most precipitation with 47.77 mm (1.98 in). Figure 28 displays each TCDB
with the AMO and NAO phases.
Ironically, the map reveals that the majority of TCDBs occurred during phase 2
(Cold AMO, Positive NAO), with three TCDBs compared to only two TCDBs during
phase 3 (Warm AMO, Negative NAO), although the small sample size prevents any
meaningful analysis. However, this map parallels previous maps, where four out of five
of the TCDBs travel near or through the hotspot area in the Gulf of Mexico, which is the
location of tropical cyclone tracks that most influence the study area via precipitation.
The analysis from this section confirms our previous understanding that the relationship
between tropical cyclones, droughts, and teleconnections weakens as storms move inland.
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Figure 28. The five TCDBs and AMO/NAO phase combinations.
Source: CPC (2015); ESRL (2015); MRCC (2015); NHC (2015).
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Chapter 6. Conclusion
This research answered several questions pertaining to the study area of
Tennessee and Kentucky. The frequency of droughts is very low and occurred mostly in
the eastern divisions of both states, with the Eastern (KY) climate division experiencing
the most droughts. During the period of 1950-2013, 20% of the total tropical cyclones
that developed in the North Atlantic Basin influenced the study area, for an average of 23 tropical cyclones per year. On average, tropical cyclones contributed a little over 6% of
warm-season precipitation. Due to the study area’s distance from the Gulf Coast and
Atlantic Ocean, the transition of tropical cyclones to extra-tropical cyclones had to be
considered. The data generated from the analysis illustrated that 1 out of 3 tropical
cyclones that influenced the study area transitioned to extra-tropical storms with
baroclinic characteristics and contributed 2% of the annual warm-season precipitation.
From analysis of ENSO, AMO, and NAO, the data demonstrated a spatial influence on
the study area. ENSO had a minimal influence on tropical cyclone variables during the
warm-season months, but only had a statistically significant influence on the western
climate divisions of the study area via warm-season precipitation. For the AMO, the data
revealed a statistically significant influence in various ways, such as droughts, tropical
cyclone precipitation, and extra-tropical precipitation in several climate divisions from
the central to eastern portions of the study area.
Although, the NAO displayed a marginal influence on droughts, tropical
cyclones, and tropical cyclone precipitation, the utilization of ArcGIS illustrated
otherwise by defining a specific area of intensity where tropical cyclones travel the most
to affect the study area with precipitation. This method allowed for a comparison between
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the NAO phases spatially to show that, during a negative NAO, over two times the
number of tropical cyclones travel through the Gulf of Mexico to influence the study area
considerably via precipitation. The pattern developed from spatial visualization and
analysis supported past research where the NAO is a steering mechanism for tropical
cyclone tracks, and assists in the location of where the tropical cyclones make landfall
(Maxwell et al., 2013). This similar spatial pattern was present in the AMO, which
required further in-depth analysis to confirm if there was a statistically significant
difference in droughts, tropical cyclone precipitation, and TCDBs for the two
teleconnections. In addition, the research was extended to analyze the combination of two
teleconnection phases together to determine any differences. Drought was the only
variable that illustrated a statistically significant relationship to AMO in the study area.
Therefore, the relationship of droughts and tropical cyclones through the AMO and NAO
phases that exist in the southeastern U.S. states does not extend to the interior
southeastern states of Tennessee and Kentucky.
The relationship of tropical cyclone precipitation and TCDBs with the observed
teleconnections is minimized in the study area due to numerous reasons. One apparent
reason is that the contribution to warm-season precipitation by tropical cyclones is only
6% in the study area, compared to 15% in the southeastern coastal U.S. states. This
suggests that the occurrence of a TCDB in the study area is less probable than in coastal
areas, since the definition of a TCDB states that 50% of precipitation during the droughtbusting month must come from a tropical cyclone, which rarely happens in the study area
since tropical cyclones lose moisture availability and rapidly weaken as they move
inland. Because the study area is insulated from the Gulf of Mexico and Atlantic Ocean,
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the number of tropical cyclones that influence the study area is also less than for coastal
states. The track of tropical cyclones that make landfall additionally affects the amount of
precipitation that potentially influences the study area. Once a tropical cyclone makes
landfall, the storm begins to lose its connection to oceanic parameters that drive the
system and its characteristics. Therefore, tropical cyclones are now susceptible to more
random movement and mid-latitude fronts from the westerlies. This process leads to an
eastward curvature in the tropical cyclone track, which can direct an abundant amount of
tropical cyclone precipitation away from most of the study area (Maxwell et al., 2013).
The majority of tropical cyclones that influence the study area traveled in the Atlantic
Ocean off the coast of the Carolinas, which explains why these cyclones contribute a
minimal amount of precipitation to the study area.
The various statistical methods applied in this research were successful in
quantifying how droughts and tropical cyclones are related to several important
teleconnections in the interior southeastern states of Tennessee and Kentucky. From this
research, the teleconnection’s spatial range of influence was determined in the study area,
which can be applied appropriately to any other U.S. region. The data acquired from this
research and from the previous literature on this topic are beneficial for strategic planning
by various industries such as agricultural and emergency management, to name only a
few. In addition, the data and statistical methods in this research potentially could support
many water-mitigation practices due to a better understanding of the relationships
between drought, teleconnections, tropical cyclones, and warm-season precipitation.
Finally, the simple and in-depth analyses applied in this research could be refined at a
later time to measure the significance of climate change in this region or any other region.

82

Chapter 7. References
Allen, P.M., Harmel, R.D., Dunbar, J.A., Arnold, J.G., 2011. Upland contribution of
sediment and runoff during extreme drought: A study of the 1947–1956 drought
in the Blackland Prairie, Texas. Journal of Hydrology 407, 1-11.
Alley, C., 1984. The Palmer Drought Severity Index: Limitations and assumptions.
Journal of Climate and Meteorology 23, 1100-1109.
Baldi, P., Long, A.D., 2001. A Bayesian framework for the analysis of Expression data:
regularized t-test and statistical inferences of gene changes. Bioinformatics 17,
509-519.
Barlow, M., Nigam, S., Berbery, E.H., 2001. ENSO, Pacific Decadal Variability, and
U.S. summertime precipitation, drought, and stream flow. Journal of Climate 14,
2105-2128.
Barnston, A.G., Glantz, M. H., He, Y., 1999. Predictive skill of statistical and dynamical
climate models in SST forecasts during the 1997-98 El Niño episode and the 1998
La Niña onset. Bulletin of the American Meteorological Society 80, 217-243.
Bove, M.C., Elsner, J.B., Landsea, C.W., Niu, X., O’Brien, J.J., 1998. Effect of El Niño
on U.S. landfalling hurricanes, revisited. Bulletin of the American Meteorological
Society 79, 2477-2482.
CPC (Climate Prediction Center), 2015. Climate and weather linkage. College Park, MD:
CPC. Retrieved April 13, 2015, from http://www.cpc.ncep.noaa.gov /products/
precip/CWlink/MJO/climwx.shtml
Cry, G.W., 1967. Effects of tropical cyclone rainfall on the distribution of precipitation
over the eastern and southern United States. Washington, D.C.: Government
Printing Office, U.S. Department of Commerce, Environmental Science Services
Administration Professional Paper 1.
Doane, D.P., Seward, L.E., 2011. Measuring skewness: A forgotten statistic? Journal of
Statistics Education 19, 1-11.
Elsner, J.B., Kocher, B., 2000. Global tropical cyclone activity: A link to the North
Atlantic Oscillation. Geophysical Research Letters 27, 129-132.
Emanuel, K.A., 1987. The dependence of hurricane intensity on climate. Nature 326,
483-485.
Enfield, D.B., Mestas-Nuñez, A.M., Trimble, P.J., 2001. The Atlantic multidecadal
Oscillation and its relation to rainfall and river flows in the continental U.S.
Geophysical Research Letters 28, 2077-2080.
83

ESRL (Earth Systems Research Laboratory), 2015. Create monthly time series. Boulder,
CO: ESRL. Retrieved April 17, 2015, from http://www.esrl.noaa.gov/psd/data/
timeseries/
Evans, J.L., Hart, R.E., 2003. Objective indicators of the life cycle evolution of extratropical transition for Atlantic tropical cyclones. Monthly Weather Review
31, 909-925.
Gershunov, A., Barnett, T.P. 1998. Interdecadal modulation of ENSO teleconnections.
Bulletin of the American Meteorological Society 79, 2715-2725.
Gleason, B.E. 2006. Characteristics of tropical cyclone rainfall in the United States.
Preprints, 27th Conference on Hurricanes and Tropical Meteorology, American
Meteorology Society, April 28, Monterey, CA, 16C.6, Available at https://ams.
confex.com/ams/27Hurricanes/techprogram/paper_108735.htm.
Goldenberg, S.B., Landsea, C.W., Mestas-Nuñez, A.M., Gray, W.M., 2001. The recent
increase in Atlantic hurricane activity: Causes and implications. Science 293,
474-479.
Hart, R.E., Evans, J.L., 2001. A climatology of the extratropical transition of Atlantic
tropical cyclones. Journal of Climate 14, 546-564.
Heim, R.R. Jr., 2002. A review of twentieth century drought indices used in the United
States. Bulletin of the American Meteorological Society 12, 1149-1165.
Hurrell, J.W., Kushnir, Y., Visbeck, M., 2001. The North Atlantic Oscillation, Science
291, 603-605.
Jones, S.C., Harr, P.A., Abraham, J., Bosart, L.F., Bowyer, P.J., Evans, J.L., Hanley,
D.E., Hanstrum, B.N., Hart, R.E., Lalaurette, F., Sinclair, M.R., Smith, R.K.,
Thorncroft, C., 2003. The extratropical transition of tropical cyclones: Forecast
challenges, current understanding, and future directions. Weather and
Forecasting 18, 1052-1092.
Kam, J., Sheffield, J., Yuan, X., Wood, F.E., 2013. The influence of Atlantic tropical
cyclones on drought over the Eastern United States (1980-2007). Journal of
Climate 26, 3067-3087.
KCC (Kentucky Climate Center), 2014. Drought graphs. Bowling Green, KY: KCC.
Retrieved September 12, 2014, from http://www.kyclimate.org/
droughtgraphs.html
Knight, D., Davis, R., 2007. Climatology of tropical cyclone rainfall in the Southeastern
United States. Physical Geography 28(2), 126-147.

84

Maxwell, J.T., Ortegren, J.T., Knapp, P.A., Soulé, P.T., 2013. Tropical cyclones and
drought amelioration in the gulf and southeastern coastal United States. Journal
of Climate 26, 8440-8452.
McCabe, G.J., Palecki, M.A., Betancourt, J.L., 2004. Pacific and Atlantic Ocean
influences on multidecadal drought frequency in the United States. Proceedings
of the National Academy of Sciences of the United States of America 101, 41364141.
MRCC (Midwest Regional Climate Center), 2015. Daily climate data between two dates.
Champaign, IL: MRCC. Retrieved June 18, 2015, from http://mrcc.isws.
illinois.edu/CLIMATE/Station/Daily/StnDyBTD.jsp
NCEI (National Centers for Environmental Information), 2014. Billion dollar events.
Asheville, NC: NCEI. Retrieved September 22, 2014, from www.ncdc.noaa.gov/
billions/events
NHC (National Hurricane Center), 2015. NHC data archive. Miami, FL: NHC. Retrieved
April 19, 2015, from http://www.nhc.noaa.gov/data/
NOAA (National Oceanic and Atmospheric Administration), 2015. GIS data locator.
Silver Spring, MD: NOAA. Retrieved February 3, 2015, from https://gis.ncdc.
noaa.gov/maps/clim/
Nogueira, R.C., Keim, B.D., 2010a. Contributions of Atlantic tropical cyclones to
Monthly and seasonal rainfall in the eastern United States 1960-2007. Theoretical
and Applied Climatology 103, 213-227.
Nogueira, R.C., Keim, B.D., 2010b. Annual volume and area variations in tropical
cyclone rainfall over the eastern United States. Journal of Climate 23, 43634374.
Nogueira, R.C., Keim, B.D., Brown, D.P., Robbins, K.D., 2012. Variability of rainfall
From tropical cyclones in the eastern USA and its association to the AMO and
ENSO. Theoretical and Applied Climatology 112, 273-283.
Ortegren, J.T., Maxwell, J.T., 2014. Spatiotemporal patterns of drought/tropical
cyclones occurrence in the Southeastern USA: Linkages to north Atlantic climate
variability. Geography Compass 8, 540-559.
Ortegren, J.T., Knapp, P.A., Maxwell, J.T., Tyminski, W.P., Soulé, P.T., 2011. Oceanatmosphere influences on low-frequency warm-season drought variability in the
Gulf coast and southeastern United States. Journal of Applied Meteorology and
Climatology 50, 1177-1186.

85

Palmer, W.C., 1965. Meteorological Drought (Vol. 30). Washington, D.C., U.S.
Department of Commerce, Weather Bureau,
Riebsame, W.E., Changnon, A., Karl, T.R., 1991. Drought and Natural Resources
Management in the United States. Dordrecht, The Netherlands: Kluwer
Academic Publishers.
Rogerson, P.A., 2014. Statistical Methods for Geography: A student’s guide (4th edn.).
Thousand Oaks, CA: Sage.
Schnadt, C., Fink, A., Vincent, D.G., Schrage, J.M., Speth, P., 1980. Tropical cyclones,
6-25 day oscillations, and tropical-extratropical interaction over the
Northwestern Pacific. Meteorology and Atmosphere Physics 68, 151-169.
Sutton, R.T., Hodson, D.L.R., 2005. North Atlantic forcing of North American and
European summer climate. Science 309, 115-118.
Svoboda, M., LeCome, D., Hayes, M., Heim, R., Gleason, K., Angel, J., Rippey, B.,
Tinker, R., Palecki, M., Stooksbury, D., Miskus, D., Stephens, S., 2002. The
drought monitor. Bulletin of the American Meteorological Society 29, 11811190.
UTIA (University of Tennessee Institute of Agriculture), 2014. Climate of Tennessee.
Knoxville, TN: UTIA. Retrieved September 18, 2014, from https://ag.tennessee.
edu/climate/Documents/Climate%20of%20TN.pdf
Wallace, J.M., Gutzler, D.S., 1981: Teleconnections in the geopotential height field
during the northern hemisphere winter. Monthly Weather Review 109, 784-812.

86

